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FOREWORD . o
Undee the provisions of Contract No, Nour~1172(00), ;
i Coleman Enginsering Company, Inc., canducted ageti= ) i
srslized study of the Aerojet-(lénsral Corporation's -
Hydroduct missile, its performance, and is capabilities ;
as an underwater weapon: The work was carried out > .
during the pericd -13 March 1953 to 14 Decamber 19353 ]
! fox ths Office of Naval Reseaxch and the Bureauof )
~ Ordnance. This reporipresents the rasults and findings '
{ . of the study, and its submittal Teprasenis completion of :
C , the contract as amended hy Amendment No. 1 thereto. » @
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SECRET &
; - ' _ A, INFROBUCTION - T = ?
Preseonted in this report-are-the resulis of a broad and generalized study @

of the AerojeteGeneral Corporationis '"Hydroduct” migsiles Thiz work was

undertaken in Maxrch 1953 for the.Office of Naval-Rosearch .and the Buresu
of Ordnance, aud was completed in.-December 1953

Briefly, the Hydroduct is 2 -high speed, underwater.missile operatingin
the manner of an unguidéd rookot. It was developed apecifically for undez=-- -
water operatica and utilizes he conversion of intake sea water to ateam by--
thie heat of reaction of a burning propeilant known as 'Alclo®, . a mixtare of-
¢ powdered aluminuny and -potassium. perchiorate. It-is-propslled by a high

velocity ‘‘yaporejet* consisting of the stesm and the producis of combustion, s
the former being fully condensible and .the latter dispersed-as minutesoclid
particles. Current versions of the Hjdvroduct are designed for speads as
high as 150 knots without cavitation ot depths grester than 50 feet, and as
a rasult ballistic dispersion is ostensiblylow. Although-its present power
q. plant configuration is inopcrable at-depths greater than 30G-feet, a modified »
version now under development, kuown as the "Hydroductor!; is considered -

capable of opctatien to dapths of 1000 foet-or inors,

(‘ Although no operational versions have been fabricated asyet, a 4. 5-inch
- diamoter test vehicle has undergone teets at both the Sip Clemente Island - s @

test facility snd the Morris.Dam Torpedo Range. Two operational vorsions .
: have been proposed for ASW use.. One of these is designed to carry a-

! 3S-pound eontact-fused warhead, with a minimum powered range of 1000 -

yards. Thia version is nine-inches in-diameter, 72 inches -in length, and has-

an approximate weight in aiv-of 215 pounds. The other version is scaled .

4 slightly larger, with a-maximam dikmeterof 10 inches, to accommodate a N

Sc-pmmﬁ warhead. b

- The misaile itsell is axtremaly.siraple in both principle.and design; has

no moving paris, and relies on-no.inatruments in ite flighs. It is, however,

¢ inoperable without sufficiant rem peessure to coable the fiow of inlei water- »
into the combustion chamber; andtharefore requirss initial-boost before free

flight can be sustained. ..

A more. ddhlhd hmmﬂMthm -paxformance is-given -
later- lslhorwt
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B. PURPOSE OF THE STUDY

Objectively,. the studv wes in part a generalized investigation of the basic
problems of developlag and utilizsing complote Hydroduct weapon s7stems.
s principle object, however, wes examination of the missile itzelf, its per
formance and ballistic-behavior, and investigation of certain hydrodynamic-
aspects of the ballistics problems.  The effects of cross currents and tip-off

.were of particular interest because it was thought-possible that a serious de«-

gradation of perforvnance might'bs omised thereby, and since such effecis -
wer? not experienced under-contvolled test conditions an analytical invese.
tigation was desived.
While the principle emphasis of the study was pliced ona the performance -
of the miasile itself, an sffort was made t0 examine the over~all aspects of-
complets weapon systems and certain operationsl probiems involved. This-
portion of the study was limited in axtent and sought only {0 investigaie some-
of the fundamental probiems and basic considerations. It should be pointed:
cut that the study was not intended to be an "evaluation' of the Hydroduct,
nor an attempt to prove or disprove the {oasibility of any application. It was

not of sufficient sgope or extent for sach purposes. While the results clearly

pertain {0 the questions of feasibility and may be helpful in appraising the
weapcu's potential worth, it should he apparent that considerable appended -

effort would be required before an evaluation of the-effectiveness of complete -

Hydroduct weapon systems. could be nwde.

&)




SECREY .

(_} ' © . RESUME OF-STUDY ACTIVITY

Work commenced in April 1953 with a general examination of the Hydso«
duct missile, and a roview of its development history. TKe period from.
April to July was spent primarily in general study of refercnce material amd- -
definition of problems associated with use of such & weapon. During July, -
visits were made to a number of agencies, both goverament and private, for-
discussions of problems associated with the Hydroduct and it¢ possible applls-
cations. Theso visits included the followings -

Buresu of Ordnance Office of Nival Research
% Evalustion and-Analysis Group Armament Branch
Washington; D. C. Washington, D C.
Bareau of Ordnance Oddnance Research Laboratory
Underwater Ordnance Fire Control . Pennsylvania State College
. Washington, D, C. . State Collage, Pennsylvania
Bureas of Ships Naval Ordnance Test Station
Sulenarine Sonar Design Section Thompson Laboratories
Washingion, D, C Pusadanz, California
. O California Institute of Technology. _ Naval Research Laboratory
Pasadsta, California Special Devices Section
.- ‘ " Washington, D. C.
Duvid Taylor-Madel Basin -
Washiagton, D, C. Stevens Institute of Techaology
Wdboken, New-Jersey
! Office of Ghjef of Nawal Operaticas -
Washington, D, C. Sebmarine Development Group 2:-
Bew London, Conneaticut
Office of Chief of Naval Operations -
Operations Evaluation Grouyp - TS+ Navy Underwater Sound Lab.--
' ©  Washingtom, D, C. Kéw: London, Counecticut

Thi purposs. of fhess visits was to obtain.information, data, and reference -
material on e f0l1owing subjectsy- ’

Hyrodynamic dsta appiicable-tc tho-Hyltroduct missile,

Charasteristios of sonar and ollisr gear utocta‘tll"a:viﬁ target
datection, tracking, and flere contesl.

_ The chavacteristics and -perfoFmiance, partttalarly maneuvera-
' hﬂ_ﬂy.- of submarinss.

Pige 3 of 94 -




SECRET
Vulnerability of submarines and passible surface vessel targets.

~——

b
] Tactical situastions in pro- ond sstisubmarine warfare in which _'
short range, high speed, unguided missilos of the Hydroduct &
type might prove to be an effoctive weapon.

Characteristics, capabilities; and limitations of torpedoes and R
other undarwater weapons. 4 b

Possibla ''secondary'! uses of Hydroduct-missiles:such as anti-
submarine use, ha ‘bor defensc, ald,-

"Muach of the informaiion sought wa s intendéd as background material to -
¢ © assist in further definition of Hydroduct-syatem probléms. The comments,
' opinions, and suggestions of perscansl contacted were very helpful and a
considerable amount of reference material was recommended, which the -
Oifice of Naval Research thereafter sought to chtiin for the study’s use.
Although time and availability did not permit recsipt of all matarial recom-

mended; a considerable amount was obtained and reviswed-to the extent per~ »
¢ mitted by the time remaining. '

{ » @
'
.- ;
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- for concern. Although there is a degree of uncertainty in this regard that

SECREY

D. SUMMARY

The examination underiaken -in this study of the hydrodynamic and ballis«
tic properties of the Hydroduct, and of possible degrading efiects in actual
operational condition: as opposed to tha "ideal" conditions of controlled test-
programas, does not indicate that the missiis's perfoymance would suffer a
serious degradation. The disturbing effects of cross currents and tip-off at -
launching produce deviations of the missilets flight path whick ars predict-
able i direction and 1r tude. The dynamic characteristica of the Hydroe=
duct tend to minimize the effects of these disturbances, and a wido range of
opersting conditions would be -available witk minimum correction of bias due-
to cross stream and tipeoff. However, under certain circumstances of
vehicle and launcher motion, the effects of such deviaticns, if not compensw
sated, could appreciably reduce hit probahilities, and under such conditions
the fire control system should be equipped to provide -the necessary compene

sation in computing the desired aiming point,

The possibility of randamn factors being introduced by these effects, such.
that compensation could gt be made in fire controt and aim, is the real basis

cannot be resolved by analytical study alone, no theopetical reasons for ex--
pectation of increased dispersion dus to either cross currents or tip-off at.
lmnching havse been found in this study,.and it appears & reasomsble conclu~
sion that such uncertainty is of relatively minor censequence to the wespon's
probable operational performance and offectivaness. Mutual interaction
effects between two or more missiles fired in closs proximity to one another .
might introduce random effects, but ripple fire in place of actual salvos
should reduce such effects to nagligible levels without having appreciable ine -
finence on hit probabilities.

‘The missile's characteristics appear to maks it inherently capable of
highly sccurate flight, and limited teats of the 4.5~inch teat version tend to-
verify this belisef. While a sufficient number of tests has nat been made as -
yet for precise statistical determination of baliistic dispersion, the tests indie
cats definite promise of low dispersion, and values as low as 10 mils laters:
ally and perhaps no more than 15 mils virticelly appear {0 be reasonable
poesibilities, especially considering the cxpectation of further ftaprovement -
over the past and present test versicas:- :

1t is the generalconclision of this study that the igdroduct micsile ig én-ite
self fundamentally sound, and capable of high performance under actual opera« -
ticnal conditions. The major areas of doubt regarding its potential worth as..
an underwatey do not, therefoze, appear to lie in the performance of -
the miasile, but in the uncertsinties of other componsits of complets weapon -
systems and in the uffocts of these uncartainties on over=all system performe.
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ance., As an unguided missilé, the Hydroduct must rely on adequate aiming; @
and as a2 weapon of limited range its value Jdepends heavily upon the oppor~ »

tunity that oxiste or can be created for its use. The definition of specific

applications and the developaent of suitable tactics are therefore of funda~-

mental concern for both evaluation of the weapon-and for dclineation of sys<-

tem raquirements.

v e o Mlne s e am b
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Given sn attacking opportunity, the accuracy with which ths miasile can be »
aimed becomes tha critical factor in the weapon system's performanze. The
problem of aiming has two more.-or less distinct aspects -« the determina~.
tion of the desired point of aim, which depends upon the sonar and fire conv
trol systems, and the accomplishment of that desired aim, which invoives- _
the maneuverability and controllability of the firing vehicle and the mechans »
< {ca of the launching system.

A genevalized examinatios of the over-all aspects of tactical applications,.
weapon system components, and the principal factors alfecting the systom
performance was conducted and is described in the text of this report. Bew
cause of {ts broad scope, any aitempt to summarize that material here would" b
be repetitious, and reference o the text should be made for discussion d‘ the
results of that portion of the study.

Tihe body of the zeport is presented in sections for ease. of rerence to

( - individual subjects of interest. Section II includes a desoription of the Hydro~
duct missile and a general discusaion of various considerations and problems
believed fundamental to development and synthesis of compiete weapon ays~
tems. Discussion of possible applications in pro- and antisubmarine warfare
and of fire control probiems and launching means {s included, Section III
deacribes the results of study and analysis of the hydrodynamic and ballistics ‘
problems, including the effects of cross currents and tipsoff and other possi~ "
ble causes of deviation and ballistic dispersion. Section IV presents a briet '
discussion and the resulis of a limited analytical investigetion of the possible
effects of dispersicn and various system errors on weapon system effective--
ness. A aumber of sppendices containirg mathematical derivations foliow the -
text, theae having been separated to avoid redundancy in the discussions. )

i - With regard to recommendations concerning the needs and directions of-
~Irther efforts to develop and exploit the Hydroduct, much {s cither expressed-
! or implied throughout-the tezt of the report and nead not be repeated in detail
herc. In general, it appears that coutinued activity should include further -
tasts of the missile to ensble the development of optimum physical configura= ’
tions and to astablish and confirm the magnitudes of dispersion and bias., K-
is also recammended that future studies of complote Hydroduct weapon sys=-
tems be planned and undertsken to provide more explicit definition of operas-
tional paramesters than has been possible within the limited exdent of this shudy,
In particular, the fire comtrol problem should be thoroughly {nvestigated, and:
¢ strong emphasis skhould be placed oun design studies and analysas of iaunching.
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mechanisms,. Such investigations would be indispensable to a walid evalaae- ' &
{3 tion of system: performance and reliable determination of hit and kill probes ’ 4
bilities. The broader operational analyaes of lactics and the sffsots therewd _
on system performance should be coordinasied with these investigations, and @
should bs crmsidered an integral part of any comprehensive sffort to evalu=
ate the potential worth of Hydroduct-wespon systems.
. . )
|
» 1
!
» i
( ) » 9 i
.' ’ i
] {
]
»
»
}
SECREY: i
Page 7 of 94 . , .
§ T T I A 4
f T -T‘; P =5 T y -5 " B : = "{;."’ * : "L"s- :‘""‘"‘41,"‘ ) )"’ 1“2}2“{;’!} M‘—i*:
P ¥y S L2 ’




b

SECTION H.

Dascription of the Hydroduct Missiie. . . . « « « ¢ ¢ « + & L
B, Advantages and Dissdvantages. . . . . « « « s v o0 . .. M
c. W#WcthwSy;m.
"De  Poteotial Appleatlone: . « . o s o o s 0 oo s o0 . 2B

L]
L]
*
L]
-
.
*
-
-
»

EO m.cmdcmmm..-..---.-.-.-- z’

r; MMWMv»o.-...--...-.-.” .




£}

A. DESCRIPTION CF THE HYDRODUGT-MISSILE

A broad program of rasearch and development i underwater propulsive
devices, beiz.j carried out by the Aercjet~General Corporation for the Office
of Naval Rasearch, has included s variety of methods of underwater propul«
sion. The term “hydroduct! was adopied to identify those systems in which
intake water is integrally invoived in producing thrast, and ‘'vapor-jet” is
used to distinguish jst systems in which water either reacts with a hydrofuel
to generate steam or is converted to stemn by the héat of a burning “propel-
lant,'? One such propellant is a stoichiometric mixdure of powdersd alumie -
nun and potsssivm perchlorate which, by being compressed into a cylindri~
cal sclid form and properiy sncased, can vef caused to burn in the mannerof
2 cigarette st an approximate temperature of 70000F, The abbreviated term
“Alclo¥ is used in reference to the aluminum-potassium perchlcrats mixture.

Daspite (e broad connotation of the term “hydroductt as deacribed above,
this report considers the “Hydroduct” missile to operate specifically on the
combinstion of Alclo, vaporwjet, and hydroduct principles. Ses water is
taken in under ram pressure through a small orifice in the nose, passes
throogh a diffuser and an sxial tube in the forward “warhead" section to the
center, or “propellant”, section where it bypasses the propeliant through ae:
anouisar channel, thus acting ss a coolant. It is sprayed on the burning aft
face of the Alclo grain, producing s vaporejet compoesed of steam snd the
products of combustion. The aft, or "nossia’, section coutains the combus~
tion chamber. "Mixing® in the combustion chamber i{s enhanced by “turbu=
lator rings™ located forward of the noasle. The jok is fully condensible, the
combustion products being dispersed as minute solid particles, giving the
missile the advantages of an sesentially wakeless flight. A schematic sketch -
of the miasile is shown on page 11,

The Hydroduct was devsloped specifically {or underwater flight, it is not
a rockst in the trus sense since it deponds on the futake of water under ram -
pressure tc produce thrust, and thus is more snalogous to a "ramjet" air
missils. In purpose and performance, however, il can ba classified a "high
spead, unguidod, underwater rocket”, and thus affers itself for uss in appli« -
<ations suitable for uch weapons.

In principie and in conitruction, it {s » relatively simple weapon. It em« -
ploys no moving parts and relies ou no instruments in its flight. Its flight is -
intended to be highly accurate and precision in mumfacturs is therefore rae
quired to minimise geaneivic malalignments and sssure congistent propulsion:
characteristics. In any form of mass production, however, its simplicity
should predominate as = cost factor and Hydroducts are polentially, therefors, .
low-cost missiles.,

Page 8 of 9¢. .




SECREY

In an effort to minimize the disperaion, the missile is intended to run
“fully wetted.” To this end, the "Lyon's Form A" was selected for the body
siepe t0 maintain minimum values of negative pressure coefficients. It is
estimated that cavitation will not be experienced at deptha greater than about
50 feet at maximum equilibrium flight speeds of the missile. Present ver-
sions employ a fineness ratio of approximately 911. Three firs of semispan
slightly greater than the body diameter arc relied on for stability and are
slightly canted to the longitudinal axis to produce a 'slow spin!, the purpose
of which is to minimize the dispersion due to malalignments. In the sbsence

of cavitation, relutively short fin-spans can be used to provide the required
stability,

The flight path of the missile is a ballistic type trajectory, the shape of -
which is dependent upon the »elative gravity, buoyancy, thrust, lift, and drag
forces involved, Thus, the range is limited both by the burning time of the
propellant and by the extent of gravity drop in flight,

Since water intake is required and sufficien: ram pressure must exist to
enable the intake of water against the chamber pressure, initial boost must
ba provided in launching, It is contemplated that initial boost capable of ime«
parting a launching velocity somewhat higher than the "equilibrium velocity"
of the missile in free flight will be employed. While this imposes a heavy
load on the design of the launcher, it materially aids the efforts to minimise
dispersions and deviations in the trajectory by eliminating an acceleration
period and initial low velocities during free flight.

Current versione of the Hydroduct ara considered inoper.ible at depths
greater than 300 fost. In an effort to eliminate this resiriction, development
of a "staam~injector condenser’ has been undertaken. This device is in-
tended to provide water intake ducts and a condensing chamber aft of the jet
nozsle such that jet stability could be realized at greatar depths. Versions
of the missile aperating on this principle are referred to as "Hydroductors”,

aud it is estimaied that successful operstion at depths greater than 1000 feet
‘can be sttained,

A small test vorsion of the Hydroduct has been developed for experimental
evaluation of the weapon's basic feasibility and its ballistic behavior. The
test missils has a 4,5-inch diamster body, is approximately 40 inches long,

snd has an air weight of 33 pounds. Using approximately nine pounds of Alclo
grain, s number of succesaful firings have been made at the Morris Dam

Torpedo Range in which maximum speeds as high as 250 feet por second and
ranges of batter than 1000 feet have been attsined. Folldwing early tests at
the-San Clemente Island range of the Naval Ordnance Test Station, sane 50
firings have been made at Morris Dam, Ewradis bahavicr and other mishape
were experienced with some rounds, but in geaneral the results are favorable
snd indicats considerable promiss of the development of Hydroduct missiles

with exceptionally low dispersions, speeds in tho order of 150 knots, and usa-
bie ranges of 4000 feet or better.

SECRET
Page 9 of 94



SECRET

The Aerojot~-General Corporation-has proposed » 9«inch-dismeter version:
of the Hydroduct, the essential charvacteristics of which arce

B“Ydim'hrtioicnoliiiootvﬂ!ll."..l.;.'.'tn.l-oc 9 in
LMooooﬂuu--.unc-o.ooo-o.o--c-oooolo¢uq-.-o.o.o ?z m
Welght (81r) ...cveiveveneacanesnscscososasasveonas 215 15,
Warhzad (Canpositiona) P BT L IILEVIBRISSESITISISIORIETTSETSE 35 Ib.
Warhead fuge. coceceocoor cosotvosvstvescssssscsrves cmﬁct‘m
me‘ vel“ity(mdgpﬂl.’.'o.n..c-‘oqo-nucn0010.o Z50fpl

Maximum equilibrium velocity (frée flight, 50-1t depth). .
Minimwm equilibriun. veiocity (ffee flight, 300-£ depth) - 160 fps
m‘m’mrdflﬂl‘:u¢.oc*ut-on-rooo'ogoqooc.a.-o 1000 ﬁ

The predicted performance of this version is presented graphically in Figs.
2 andt-3, pages 12 and 13,

A 10«tnch diameter version has slso been designed t6 sccommodate a 50~
pound werliead, in case the 9-inch version should lack the desired lethality.
Thess particular versions wers designed for ASW use, with the intention of

providing » weapon capoble of rupturing the pressure hull upon contact with
ths cater hull.

Folure tests and development of the misaile can be expected to further im-
prove the missile's parformance. Optimized fin configurations, spin ratas,
eic. , can be expected to impruve consistancy of flight and enable miniomum
dizspersions. Devslopment of improved methods for Alclo grain compaction
will minimise inconsistencics of burning rate and thrust.

New configurations, versions, and cancepts of the Hydroduct are possible
by means of further exploiting the Hydroduct's propulsion principles. Depth
control and programmed guidance are conceivable possibilities, and "homing"
might be possible by the use of "staged flight, reducing self-noise to toler-
able limits -in the terminal phase by use of an auxiliary propulsion system.

It is not with such future possibilities, howevor, that the study has been con=
cerned.
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B. ADVANTAGES AN D-DISADVANTAQES

The following characteristics and operating requiremaents are considered.
to be the principal advaniages and-disadvantiges of the Hydroduct in . ils pre«
sent versions, and the predominant fuctors-t¢ be considéred. in appraising its -
capabilitiess.

1. ADVANTAGES-

a. Probably thie outstandivig advantage of the Hydroduct is it speeds
_Its ability to reach a target-at 1000 yards rangs in less than 20
seconds gives it an exceptional advantage over alternste weapons in several
vespects. '"Dead time' is minimized, redicing the targst's evasion capabil«-
itiss. The predicticn aspects -of tha fire control are greally simplified. Active -
scesr as 8 final correction in the fize contrel an-be employed-without mates
rially increasing the tavget's ability to thwart-the attack:

b.  The ability to run "fully weitad” Eonsiderably improves the miss -
stle's accuracy, enablitig use of Voptimized" pattern control in -
Mﬁpla firings and consequent increase in hit probabilities for a m e
ber of rmd-

9. Its simple design and ‘operaiing principles enable the sise and -
payload to bo adapted to mateh target vulnerability, Thus, if
Mgud for usa against highly vulnerabls tirgets such -as submarines or

small surface crait, optimum sizse and-warhoad can be provided and the wasts -
of “overkill' avoided,

d.. Ths missile contains virteally no "wastod" internal apace, and -
is divided into subassembliss such that "high densily' storage
and sase of handling are greatly facilitated.-

e. The sheractoristics of the missile-suggest the uss of small
rounds.-in multiple fire; eliminating the necessity of the "long"
minimum arming ranges -employed with heavy.ardnance - _3 protection to the: .
fiving vehicie.

f.  The simplicity, low-cost; and absetice of 'gadetry” combine to -
give the Hydroduct-reliability, low-cost,; s potentially high level-
of producibility) and litlle. maintenance-should.ba:required: -

i. DISADVANTAGES
a. It8 range is limitod both by its power endurance and the “fall o

in its trajectory. Eventual improvement over the currently con- -
tempiated 1000-yard versions is probabls; but-in ita preseni concepiion as an-
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ungaided Hpocket” it is essentialiy a “short rmge'! waapon by comparison
with other underwater ordiance.

b. The minimum depth for fieedom {rom cavitation is estimated at
50 feet for current versions, and the misaile is inoperable be-~

low 300 feet. Although cavitation may merely inorzase dispersion, and
periods of air flight are not inconceivable, current versions are intended for-
subsurface launchings, between these limits, at-silher surfoced or submergud-
targets. It sheuld be acted that the “Hydroductor”, currently under develop---
ment, utilizes thé basic Hydroduct principies with the addition of a "steame
injecter condenser" to achicve depth insensitivity, Succesaful operation to -
depths exceeding 1000 feet {s anticipated: It should also be noted that cavie -
tation at dapths of Ioss than- 50 feet could be prevented by sught reduction of-
speed,

© Because of {te speed and ricise ievel; guidance and homing are -
probably impracticable; and in-the-absence of any postfiring
corrections, the missile is as good as, and ounly as good as, the ability to-
aim it.

d.  Although not a disadvantage of the misaile.(tself, realization of
the value of low disperszich reguires high accuracy of aim, and

+ three-dimensional positioning of the target is required. Currently opera-

tional submarine gear does not provide for deiermination of targoet dopth and -
elevation angle. Safficient accuracy of range deicrmination would probably
require use of acho-ranging in the fire comtrol.

¢.. TEe problem of vertical errors 16 particularly acute because of-
#he accumulative effects of small vertical-target dimensions,
inherently large veriical aiming errors, and sasceptibility of the missile to
larger veortical dispersions than lateral,

f. The logical compensation for the above-mentioned sources of
“yartical error” is a vertical line pattern in either galvo or
vipole fire, Thus the "waate' of unsuccessful rounds is introduced, offset«-
ting the previously described advantage of ability to avoid "overkill,”

g- The launcher constitutes a "desd weight” to the vehicle, this
problem being made more severe by the necessity of heavy ints-
tial boost. A "irainable launcher', though advantageous to siming, would -
introduce mechanical compiexities and further aggravate this problem., The-

possibla effacts on the performance and stability of submarine vehicles is a -
sarious Condidaiatiou. -

ke The preservaticn of jow dispereion would require low talerances
and precision techniques in mamufscture, and extreme care in -
shipping snd handling to avoid aven slight damage, particularly to tha fing.

SECRE?.-
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5 . G DEVELOPMENT OF HYDRODUGT WEAPON SYSTEMS

The conceyt of unguided, underwater rockets is not new. Germany is-
known o have sttempted the development-of such weapons duritng World War.
11, sad & number of investigations and exploratory test programs have been
. carried out inthis couniry in recentycars. The Nave! Ordnance Test Station
' conducted a series of exploratory underwater tests of rockets at the San-
Clements Iaiand range batwean early 1950 and 1953, Modified versions of:
- HVAR and HPAG rockets were fired underwater, and some tests were made-
of & specially designed undevwater rocket designated SPUR-3-C.

v Dasgite those earlier studies and invesiigations, underwatar rocket devel«
. cpment is in its early infancy, and no such weapons are knowr o have been
used or tested in githor actual or simulated operations. As a consequence of-
this and for want of past opoerational and waspon system studies, the potential
applications, uiflity, and effectiveness of woapons such as the Hydroduct are
v little more than supposition.

-.
!
B
s .
I :
'.
[
|
: .
i

_ There is liitle reason to doubt that the Hyd oduct offers a practicable un-
derwater rocket for which a high level of parformance can be anticipated. By
Uaracticable” it {s meant that thore are oo prohibitive features inherent in

D the missils ttself, such as excessive costs, delicats components, or other:

& ssrious ohotucies io producibility, mainteasnce, and reliable cperstion.
Examination of ihe Hydroduct’s ballistic behavior and performance character~
istics indicales that, within its inherent limitations as an unguided missile of .
limited range, it pecrnises to provide a weapon of exceptional capabilities.

No reasons have baen found in the couria of this study to doubt the basic feas~

R ibllity of the missile itself, The test program at the Morris Dam Torpedo
Range has proved that its operating principles are basically sound, and has
demonstrated ita capability of high speed flight without cavitation. Since
these tasta have been of exploratory nature and have involved a number of
configuration changes, there {s an insufficient quantity of data for iruc evalu-
ation of ballistic dispersions. Intuitively, however, it must be concluded that

‘ the Hydroduct is fundamentally capable of highly accurate flight, and the uiti-
mats development of optimum configurations might weill result in ballistic-
dispersions as low as 10 mils laterally, and somewhat highor values, but pere .
haps no mors than 15 mils, vertically, Theory alone can neither substantiate.
nor disprove such claims, snd to dwell on the subject would provide little .

. more than academis debate. It is the felure tests of optimum configurations -
that must be relied upon to determine actuai levels of dispersion. This stady
has sxamined varicas aspects of the hydro-ballistics problem in search of -
degrading factors, und has failed $o find any regions of serious uncertainty,.
or sources of degradation that could not be compensated in some reasonable

Y manner. It is the general conclusion of this etudy, thereiore, that the pri~

A mary arsas of uncertainty in attenpling to aporsise the weanon do not e in

SECRET
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the performance of the weapon itsalf, but in two fundamental questions. The
first is the question of “opporfunity” to use the weapon; the second the ques~
tion of "ability’ to use it, To resclve the former question; it must be shown
that its limited range dozs not preciude sufficient opportunity for its use.
The latter is primarily a question of ability to aim the weapon, If sufficient
accuracy of aim comid not be attained, the potential advantages of the mis-
sile's flight accuracycbviously could not be realiged. There are otheér ques-
tions, of course -~ kill versus survival, countermeasures, costs, produci=
bility, and many other less tangible-considerations -~ which, although indis~
pensable 0 a complete evaluation, are more concerned with-the weapon's -
practicality.than with its basic feasibility.

Whils continned development of-underwater- rocketry would undoubtedly
resulf in eventual imprevement over currently conceived versions of the
Hydroduct, the indicated performance of these present versions is such that,
if the Hydroduct Jacks feasible application as a weapon, it is probabla that
the smtire concept of using unguided; underwater rockets is not practical.

During the early phases of thia study it became apparent4that a wide diver~
sity of opinion exists on the utility of underwater rockets, and on the possible
applications for such weapons. It also became apparent that, for the most
part, there is litde in the way of operatiomal studies or "systems analyses'!
to support these conflicting viewpoints. The Hydroduct now oifers a realistic
basis for such studies, and a compelling reason.why they should be under-
taken. There is no means of eliminating diveraity and uncertainty of opinion
until applications hawe been subatantiated and the effectiveness of complste

weapon systems in smch applications evaluated by sound-and comprehenaive
means. :

As an unguided, “short” range weapon, the Hydroduet-is » contradiction to .
the emphasis on increasing attack ranges and developing moans for compen-
sating the inadequacies of tracking and fire controi systems. Long range
torpedoes, equipped with guidance and homing systems, are the "ideal"” weap~
ons by which the submarine can attack from beyond range of counterdetection,
and thus retain its primary advantage of stealth. The Hydroduct has neither
guidance nor homing, and its rangc is considerably less than that of modern
torpedoes, but it does have a number of distinot advantages over the torpe’
and, within its Limited domain, could prove superior for certidin applications.

" That domain is, of course, the closs range attack, and-the possible applications
include a varioty of sifuations i{nvolving a submerged firing vehicle or a sub- -
merged target, or both, .

Thers i{s an expressed need for short range, high-speed; underwator mis~
siles for use by submarines within the minimum sensitising and arming ranges.
of current torpedoss. The Hydroduct is -such a waeapun, and its devel.
opment might be justified on those groundsalone. However, to consider only
those situations where no alternate weapon is available as tha only possible

SECRET
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use of the Hydroduct overlooks much of its potential. Such an approach to
appraising the woapon would livatt the opportunity for {ts useto- "inadvertent”
close range contacts at less than the "minimum’ ranges of other weapons,

M and this would presume that frequency of such contacts would be the same
with the Hydroduct as without. Such arestricted effort toexploit the Hydroduct
would certainly impede, and perhaps preclude, its further development. The -
frequency of such contacts might not be suificient to substantiate the sacri-
fices of developing, installing, and operating Hydroduct systems.

The capabilities and performance of the Hydroduct, particularly as an
antisubmarine weapon, appcar to offer considerably more potential than a
stand-by weapon of such restricted opportunity. If it is to be fully exploited,
the Hydroduct should be considéred not marely as a possible supplement to
other ordnance, but as a potential complement of a complete balanced arm-
¢ ament system, Any target within its range would present au attacking oppor-

tunity regardiess of whether or not an alternate weapon could be used. The

Hydroduct might be the superior choice, depending on the spacific nature of

the situation. Although such opportunities might still be the result of “inad-

vertent” contacts, the frequency might be considerably higher and might be
‘ further increased by the effects of the Hydroduct!s presence ou tactics,

Given an effective short range weapon, the short range ‘contact should beless
feared, It cculd, in fact, be sought.

To define and substantiate the maximum "opportunity™ for the Hydroduct

would {nvolve a combined study of tacties and system performance, and

4 analyses of the effccts of each upon the other.~ Such operational studies and
analyses are the ultimste besis for evaluation and synthesis of optiruam sys-
tems. It is by such studies that maximum "profit" is sought. Itis readily
apparent that the "profit” of a weapon system is its ability to increaselosses
of the enemy, or reduce losses to the enemy, to extents exceeding tho total

P costs of its development, installation, and operation., It follows that the
fundamental measure.of a weapon’s effectiveness is its potential of creating
such "profit. " It should be apparent that probabilities of hit and kill are
little more thun parameters in the evaluation of a weapon. High probabili-
ties imply, but do not substantiate, actual net gain. Converasely, low probe-
abilities imply, but do not prove, =2 lack of worth. The actual demarcation

] hetween “profit" and "loss'" on the kill probabilily scale cannot be established

realistically until the weapon system's "opportunities’, as. wen as its capa-
bilities, have been adequately evaluated, .

The problem of evaluating the Hydroduat, then, cannot ba resolved simply
e by analyzing the pezformance of arbitrary system coafigurations in assumed
tactical applications.. The weapon’s opporfunities must first be defined and
substantiated, and their frequencies determined, Only then cas a roalistic
basis exist for the synthesis and optimization of complete woapon systemas.
This is not meant to imgly that rigorous evaluation shoyld be required to
justify continued development ydroduct systems. To require rigorous
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proof of fessibility and practicality as prerequisite to undertaking the devei-
opment of & new weapon sysiem would stifle thit development. Rather, it is
meant to emphasizs the imporiance of operatidha analysis as & conourrmmt
< part of weapon systems development.
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- D. POTENTIAL APPLICATIONS b |

i 1. GENERAL

It is readily apparent that any comprehensive sitempl to evalaate the .

camplete reaim of possibility for the weapon’s use would-involve broad and. .
extensive studies, and many complex and intangible considerations, Ques-

¢ tions of tactics with the wapon as opposed to tactics without it would be fun-
damental. The possible future davelopmonts in weapons and operational
methods of underses warfare coitld have considerable hearing, and the techs
‘4iques and problems of search, detection, tracking, etc., weould be basic
considerations not only to detirmining the possible frequency ol sitacking
situations Jor the Hydroduct, but also ihe exact nature of thosz sitaations.

¢ The intarrelation between the specific makeup of the attacking situation and
the performance required or desired of components of the weapon systam
such as the fir> control, launching means, etc., is clearly of basie concerns-
Before system rejuirements can be Jdelineated or system performance evale
uated, the specific attacking sitnaiions must be adequately defined, since it

P is these situstions and their probable frequencies that determine the perform-
ance required of system components. The investigation reported herein was
not of sufficient extent to undertaks the operational studies roquired to de-
fine and substantiate the weapon's pousible applications. The following ars
therefore based an considerable supposition and are meant {0 serve as exame-
ples of possible cases and to provide a basis for discusaion of fire control

4 problems and launcher considerations, -~

2. SUBMARINE.VS.SUBMARINE-

It is generally acinowledged that the antisubmarine submarine, whether-

p the SSK type or any other attack type used for such porpose, suffors 2 cure

rent need for improved weapons. This being a relatively new concept of anti--

submarine warfare, the past development of submarine ordnance has not

ized this need. In considering the possidie use of Hydroducts in

SS/ASW, the problem can be divided into two separate and distinct cases ~- i

the snorkalling (or surfaced) target submarine, and the completely submergal: :
¢ target submarine, The {ormer provides a known target depth to the attackerg

the latter does not, ’

There is, of course, a wide variely of purposes and attacking situaticas -
that could be considered. Use of the Hydroduct as a primary or a secandary-
‘ weapon, deliberats closure versus inadwertent close range contact, individuat.
versus group tactiss, etc., are various considerations «esch of which sould”
inireduce its own unique opportunity for exploiting the Hydroduet. Uatil a
broad course of study. of the more complex and intangible possibilities can be

made, however; the following “basic possibilitiss appear td deserve primary
considerationt
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s, Submerged Attacker Vs. Snorkelling Target,
Deliberate Closing to Hydroduct Range

The attacking submarine is presumed to be ecithér the "“SSK",
"Guppy', or cther attack type adaptable to ASW, submerged to “optimum"
attacking depth as the time the snorkelling target enters attack range. "Cpti-~
mum’ depih is 300 feet unless shallower depths are required to adequately
track the target during the approach. Reduting the depth, howevor, reduces
the possible range of attack because of the irajectory "fall off” of the missile,-
The atiacker is assumed operating at "minimum' speed to prevent countar«
detection. The target is presumed to be similar to either the German Type
XXI or Type XXVI submarine snorkelling at its most probable transit epeed..

This situation presumes that the target submarine is not employing.
echoeranging during transit as a protection against such an attack., The
attacking submarine is thus enabled totrack passively, to close to Hydroduct
range, and to attempt the most favorable attack position. Once within range,
the attack could be delayed to increase the probability of succeas, since an
immediate attack could be made upon detection of countermeasures such as
sudden: changes in track or speed, or commencement of echo-rawging o con-
firm any suspicion of the attacker's presence.

" This is considered a possible example of primary cffensive use of
Hydroducts in SS/ASW, Echo-ranging, or perhaps future passive array sye-
tems, could enabls the transit submarines to prevent such an attack, sxcept
perhzps under sxceptionally poor sonar conditions. - In such cases, however,
the attacker's ability to datect and track would alsc be impeded.,

b. Submergod Attackar Va. Snorkelling Target, -
"Inadvertent” Contact Within Hydroduct Range

The possibility of an inadvertent contact within Hydroduct range be-
tween a submerged attacker and a snorkelling target offera a possible "sec~

ondary' offsnsive application for the weapon. Such contacts could result from

ac unanticipated ""chance'' contact during extremely poor sonar conditions, or
perhaps in the more likely case of a regained contact following a "f{ade~cut"
during the approach, use of the "primary" weapon having thus been provenied.

The significant difference between this case and the preceding one,.
insofar as the "system' and its probability of succeas are concerncd, is that
favorable target bearing and aspect ave less probable, and the attacker is
less likely t0 be at or near the "oplimum' depth. In such an "inadvertemt®
situation, immediacy is of vital coucern, and therefare ability to attain &
favoreble atiack position might be inhibited, A degradation in the quality of-
systam performance, particularly in the fire control, is also to be sxpected.

&
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y d Minadvertent” Contact Within Hydroduct Renge- &
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This is the submerged~target comierpari-of the preceding case, -
and again presents the increased probability of unfivorsble bearing, aspect, &
and relative depths, and the urgency for-immediate stiack. its operational
background may be obscure, but ite consideration is warranted because of
the limited range of detecting the quieterunning, submerged target. The R i
possibilities of such contacts resulting from search in restricted areas such
as channaels, harbor approaches, etc., seem worthy of consideration.
Another possibility could be fallow-up search for-a lost contact, perhaps as
the result of submergence of a previcusly snorkellihg target.

d. Sabmerged Attacker Vs, Submergéd Tavgel; ] 4
Deliberate Closing to Hydroduté-Rangs

This is the submerged«target counterpart of-the first of the above
cases, and a situstion in which favorable target bearing and aspect, and opti-
mum relative depths would he sought during the approach. Such an attack N ‘
might be possible without logs of stealth if ihe sttacker were squipped with '
means of pussive detection sufficiently superior to thiit of the target. SSK's '
equipped with powerful array systems might exemplify such a possibility.

ﬁ There is aiso the possibility of attempiing to close to Hydroduct i
range making full use of active sonar, assuming that stealth has been 10st aa ;
a rasult of earlier unsuccessful attack-by Hydroduct or other weapon, or as ‘
a result of counterdetection prior to an attack. It iz conceivable that, undar : )
suck conditions, a high speed weapon might provide the only means of atteayi. :
ing to sustain an attack or sesk a follow-up opportunity. For example, the : 3
possible use of active sonar by a transiting submarine {o protect itseif Hop 4
- against a waiting submarged attacker could zesult in subinergence of the tar- 17

got and 1oss of passive contact. However, active search by the target having

been the canse for loss of stealth, active sonar could be employed by the

attacker to maintain the contact, and effort {o sitack could be continued by
means of echo-vanging,

- - - »

Although comprehensive consideration and investigation cf the preceding- :
examples would be required to detsrmine their feasibility, these asaumed !
casas provide sufficient variety {0 serve as .a basis for sxamination of the .

geaneral requirements of fire control and launching systems in the submarine.
vs-gsubmarine category.

3. SUBMARINZ.VS-SURFACE VESSEL:

Although the Hydro. ict could be used to attack victaally any highly vale-
nerable and lightly defended surface vessat, it is difficuit to conceive appre=
g cisble opportunity as an offensiva weapon in this categery. Its use in defense

. SECREY
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against attack by antisubmarine vessela, however, appears to offer an oxcei~
lent possihility, Although the submirine's initial effort-when under attackby
an ASY would be to evade and escape, aud the presence of the Hydroduct
would not be expected to alter this effort, the F-~droduct would provide the
submarine a weapon with which it could return ..ce whon brought within mrge
of modern thrown or propelled antisubmarine weapons., With presently con-
ceived versions of the Hydroduct, multipie hits would -probably be xcguired
to sink the ASV. However, a single hit would certainly hinder the attack and -
asist the submarinc's efforts to escape. The threat alone might greatly ime
prove the submarine’s chances by denying the antisubsiiarine vessel compleie:
freedoma o approach without fear of counterattack, One argument against
the use of such weapouns by a submarine under ASV attack is that the subma.
rine's presence would be confirmed, its location "pinpointed”, and its ad-~
vantage of stealth yemoved by the firing of such ordnance. On the other
hand, however, modern antisuomarine tracking systems leave the aubmarive
little stealth to protect when brought to close range, If the submarine faces
imminent destruction, having failed in its offorts to evade, thore should be
little reluctance to open fire on its attacker and to employ active accar to its
fullest advant age in the fire conirol.

--The evading submarine's probable effort to submerge to maximum depth
introduces one serious disadvantage to the use of Hydrodunis in: this applica~
tion. The submarine could not submerge below 300 feet of depth without
sacrificing the opportunity of using the weapon., This restriction would not
be present with the anticipated peyférmance of the Hydroducts , however,
sirce operable depths of better than 1500 feet are predicted,

Although this possible application for the Hydroduct is similar in many
respects tg the submerged submarine versus snorelling target case de-
scribed before, there are distinct differences which appear to be significant
to the fire control and the launcher, and o the over~all quality of the sys-
tem's performance. If it is assumed that the submarine would first attempt
t5 escape and would cpen lire only when its position were presumed known by
the attacking vessel, the submarine would be involved in evasive maneuvers
simultanecusly with attampting t¢ aim and fire the Hydroduct. Such maneu-
vars might include "zig zag'' courses and high submerged specds, which
would obviously have serious degrading effects on the fire control. Also,
since it is prcboble that the ASV would be astern the submarine, ability of -
the Hydroduct launcher to fire aft would be required,

4. SURFACE VESSEL-VS-SUBMARINE .

. The possibilities offered by the Hy-iroduei as an-antischmarine wespon
in this category appear particularly interesting, The advantage of being pro=-
pelled underwater at kigh apeed versus reliance on sinking to reach a sub-
merged target becomes increasingly significant with increasing target depth.
0 Some of the Hydroduct's potentialities for this possible applicatien are indi-
cated by the following comparisons to Weapon "A" .
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Weapon "A" (Note 1) Hydroduct (Note 2)

Maxiffiam range. .c.ccovsaessavoa 800 yd 1000 yd (Note 3)
Minimum range . ....covvvavcess 400 yd (Note ¢)
Missile
Diaeter:.....ccccvvevvvnee. 12,7510 9in
L cievsnssesessssenasses- 102.5 in 72 in
Wx’:.-.................... 560 1b 215 1b
Warbesd ..ccovicnransesassc. 26316 HBX 35 1b HBX
PUSe. ... ccviiionensarranans Influence Contsact
Lethal radius {est.).....0ccn. i9ft - 5%
'(riau toreuh'h’:gcctt 800-yards - .
approximately
Target 100 feet deep.......... IS sec (Note 7) (iNote 5)
Target 200 feet deep.......... 17 sec (Note 5)
Tavget 300 feet deap...oen.ce... 20 sec 10 sec
Target 600 faet deep.......... 28 szc - (Note &)
MOTES

(1) Values oblained from Reference 13, and do not include possibie improve=.
ments since date of that publiastion,

{2) Comparison here is made to present 9=inch version, although medificae
tion for surface-fo-submarine application would be probable,

(3) Maximum ussble rangs when fired from surface approximately 900 yasrds:.
(6} Minimum range would depend upon launcher trainability (in depression).

(5) At 800 yards range, target immune to Hydroduct above approximately
240 feet of depth becanse of trajectory fall-off,

(6) HEydroduct inoperabie below 300 feet.

{7) Based on air flight of xz seconds, and terminal sinking rate of 38 feet:
s per secound,

The figures presented here are meant for comparisons. only and should .
not be interpreted rigorously. Improvement in range of both weapons is prob«-
able, and larger versions of the Hydroduct could be developed for such appliie-
cntlou. perhaps with influence fuse mechanisms and larger warkeads, The

e of these comparisons lies primarily in the time to reach a target
300 fest deep at the 800-yard range. The "'dead tima" of the Hydroduct iz in -
thie case only half that of Weapon "A", thus materially roducing the probable.
evasion error of {he attack. In the camparieon made hore, the greater lethal
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radius of Weapon-A" {5 much in its favor, and its ability to sweep all possi-
ble depths of the target is a distinct advantage, particularly in compensating

for the large probable error-of depsa determination, Waapon A" further-

more allows no dapths of immunity to he target. The 300-foot depth limita-
tion of the Hydroduct appears to be a serious obstacle to its uss in this ASW
application, since its potential advantages over Weapon "A" are at the deeper .
depths, and an abrupt “‘cutoff' at the 300-foot level preciudes realization of -
these advantages. Development of the Hydroductor, enabling depths of 1000.
feet or better, would eliminate this obstacle,

The air flight of Weapon #A' has a dispersion of 50 feet at maximum ,
range, or a lateral dispersion of 20 mils. To this must be added the undera.
water dispersion, described in Reference i3 as "considerably smaller,"
Superiority of the Hydroduct in this regard seema probable if the presest
estimate of lateral dispersion can be attained. Depending upon the range and -
angle of water antry, the air dispersions of Weapen "AY are mz n'liz long’-
tudinally to give elongated sinking paiterns, which, if the target $ a2 iasd
from astern, are compensated by the target length. Because of the Hydro~
ducts suaceptibility to greater "vartical” than ""horisontal” dispersica, it
might possess no dispersion superiority ""longitudinally." Analysas to enable
direct comparisons of the two weapons would be required before firm conclue
sions could be made, but an over-all superioritr of the Hydroduct in this re-
spect seems posaible, ' .

Weapon "A' ia capeble of firing a tetal of 22 rounds in ripple fire at five-.
second intervals using a completely automatic "ready service" magasine, or
a total of 11,000 pounds of ordnance per loading, A comparable weight of

version.

" Hydroduct missiles would equal approximately 50 rounds, based on the 9-inch-

Thus, the superiority of lethal radius offered by Weapon "A" {s offset by
three potential advantages of the Hydroduct -« lower lateral dispersions, -
more tolal rounds, and shorter lengths of "dead time." The first of these
would require sufficient tests and analyses to substantiate, but is of particue
lar interest because the minimwa dimension of the probable target aspect:
would occur laterally. The second suggesis either salvo or fast ripple fire.of
Hydroducts, perhaps with pattern control, The last of these advantages, hows
sver, appears the moat significant if the contemplated desp submergence of .
future submarines is employed as defenie against attack from the surface.

At a target depth of 1000 feet, for example, Weaptn 'A' vwould have a tolal -
dead time of nearly 40 seconds, whereas a propelled underwater "rocket” -
such as the Hydroductor might require less than 15-seconds. Graphical come-
parisons between Weapon "A" and both the Hydroduct-and an assumed Hydro. -
ductor are preaented on pages Z7 and Z8 to iliustrate the shove discussion, . It-
is, of course, apparent that considerable analytical study would be reguired -
to slevats the preceding to more than pure surmise, but for reasons described,
the potential of the Hydroduct and Hydroductor in this application appears to -
marit furiker investigation.
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ThHere are many other considerations beyond those discussed above which -
would have considerabile influence on-thé ovaluation of this possible applica~
tion. The launcher is clearly one of the most imporiant of these, since the
Hydraduct {s intended for underwater launchings and thexefore presents a
cousiderably more ssrious problem than a deck-mounted launcher. As is the
case with previously discussed applications for the Hydroduet, the ability to
attain adequate aiming accuracies is of fundamental cencern and is further
aggravated in this case by the pitch and roll of the surface veisel as compared:
to the "stable platform’ affered by the submerged submarine. These and
other factors must be considered in any investigation of surface~towgubmarine .
possibilities, but until the basic siudies suggested by the preceding paragraphs-

"have been made, these factors could not'be adequately evaluated,

5. OTHER PCOSSIBLE APPLICATIGNS T

Several cther applications for underwatar rockets are worth considerationy..
although for the present they appear secondary to the preceding possibilities.
If the indicated low levels of dispersion can be realized in actual practice, the
possibility {s suggested of firing small versions from a special barge equipped-
with a suitable high resolution sonar systam as a means of neutralising
bettom-laid mines. By firing from a '"safe" distance in the order of 150 yaxds,
a ballistic dispersion of as little as five feet standard deviation might be
attained. Neutralization of the mine, either by detonating or flooding, might-
be possible with amall Hydroducts carrying small warheads. The present
4.5~inch test versiom might be adaptable to such a purpose. The principle
uncertainty of this application lies in the-ability to locate the mines and prop~
erly aimn the launcher. Aiming errors could be minimised by determining
and cozzecting for mown sources of error such as thermal gradients and cur=
rents, and could be compensated by use of salvo patterns or by raking the
presumed target position with ripple fire. The probable number of rounds

required, however, could be excessive unless excsllent accuracy of aim
could be achieved,

The possibie use of fixed submerged batteries of Hydroducts situated at .
harbor entrances might . + worth consideration. Used in conjunction with
somar such as th: "Herald" system, and controlled by a shore station;

such batteries might enak® - complete protection against the entry of small or-
‘midgot' submarines. ;

Considaration could also be iz ven to the development of “special purpose¥ -

vehicles such as small high~speci surface craft or submersiblea equipped -
with Hydrodicts to serve such special purposes as convoy screening, stc.
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EYDRODUCT AND HYDRODUCTOR i

J Ihe above disgrams.give schematio comparisons of - the envelopes of target posi-

tien (in range and depth) relative to firing ship at time of fire, The envelopes Y
are based on attmoking the terget submarine from estern, with the target attemphing '
esasps &t & submerged apsed of 18 kmots..Tha following valuss were assumed for <his

"

cm“m! {
Weapcn A" . ]

. ﬁ.’xilﬂl a‘nlﬂ e se . e *s X .e X X3 se «s. 800 yd' ? .
Minimum Rs: o .. o ser ¢8- ts  s*  t4- S8 . s Myd. .

7 ﬂishﬁ tine -t lei_al‘mgo 9o . se sa: o8  ev- ve  ae 12 secs
Sillkln‘ rates .. S8~ S8 - G- F8- V- G4 O a0 se. en . s fpa

Rydroduct and Hydraduesor. .
mmw et ae se s ss- sw sa se ss es se 3000 £t »

f
‘! Minlsue- fall~off at 3000 -feet. TEARES ° <o o5 sor ees oo 240 ¢
: Flight time at maximum-rangs <. so oo oo oo oo os 18 geoc
: m&--depth mmmﬁ o se en- se- we- sam o4 oo SO0 £t
hm*d‘m -of. md“tof‘ e se- ws- so ee— se- se 1000 £t
Maximun -depression engle of launohar ... o ev- oe. .. 48 degs f
¢ : Mazimus soner dopression angle .. ... 45 dega Y

FI10. ¢ - SCHEMATIO RANGE COMPARISONS OF WEAPON "A" TO HYDRODUCT AND FYDRODUCTOR-sey

Maxioum target submergonoe ~c oy o 1000 e t
8
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E. FIRE CONTROL GONSIDERATIONS:

1. GENERAL

It is the probliem of fire cantrol that appears to offer the gresiest obates.
cle to Hydroduct weapon system performance. The ability to aim the weapon
with sufficisnt accuracy to realize the bensfits of its low level of ballistic dise
persion is of primary concern, and-it ia probably this question that will ulti-
mately determine the system's limitations. The study reparted herain was
not of sutficient scope to underiake the investigations and analyses requirved
to resclve this quesiion, and therefove cannot attempt to describe the probe
lem in more than qualitative tarms. Thae following are thought to be the most.
significant considerations relating to the {fire control problem, and those
which future investigations should seek to evaluate in order that realistic de«-

. finition of Hydroduct system performance capabilitisa can. be madet

8.  Probal Iy the greatest inherent difficulty in-aiming the Hydroduct is
the raquirement for thres-dimensional positioning of the tazget. Ae

described sarlier, the misiile iz susceptible to a number of causes of "vere.
tical error’, and a rapid degradation <f effectiveness can be expected with
loss «f alevation accuracy, If the target is submeérged, the determin~-
nation of sither its depth or the tievation angie of ity vralative position is ree
quired, and the accuracy of doing so is of vitai concern. The difficuity of..
accurataly detenmnining target depth by sonar makes this problem particularly
acute. :

b.  Active versus passive fire conirol is » fundamentsl consideration
to the Hydroduct system. If echo-ranging were deniod the attacker,

triangulation wouald be requirad for determination of slant range, and the
accuracies aitainabie by such means arc inherently poor. The AN/BQR-6
sonar is currenily under development as a meana by whick a submerged sub-
marine can determine the horizontal range of a surface target passively. This.
system uses the "FT" hydrophone to measure ths elevation angle of arrival,
and from the submarine's known depth calculates the horizontal range by tri- -
sngulation. Range accuracies within 10% to 20% are considered possible
with this system, depending on depth, at ranges of 1500 yards. Agsinst s
sutbmerged target, howsver, triangulation by this systern would not be possie.
bie. The raeasured angle of arrival of target noise would not enablc resolue
tion of target position without an intercept) the only means of providing for-
which would Le determination of slant range be echoevsiging, To enable an-.
sttack upon a submerged target entively by passive means would require a
somaewhat slaborate plan of tracking prior to the attack in order t0 provide-
intelligence not availabie by direct measurement. Predetermination of probe -
able depth of the targei, for exsmpie, couid be used as an indevcopt with the
messurcod elavation angle to enable solution of a presumed position, Ths

[
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complexities and probable errors of such techniques,-huwever, do not appem
promising, and it is considered reasonsble to assume that active sonar would
be required in the fire control with submerged targets. Against surface or
snorkelling targets, this would not necessarily be the case, since the known
depth of the target and the measured olevation angle enabls the solution by
trisngalation. However, echo-ranging would enable a considerzbly more
accurafe solution agsinat-such a target; the range error being of negiigible
magnitade, and the attacker having procise knowledge of his own depth, This -
satution would not-require-a measured -elevation angle, eliminating the prob-
lem of refrsction effects on the measured angle of noise arrival, It is cone
ehzded that active means would be required in the fire control against a sub-
merged target, while passive means could be used against surface or
snorkeiling targets, but with greater acouracy possible by active means..

¢. The reluntance of a submarine to use active sonar would have con~
sidatably leas foundation with the Hydroduct than with other weap-
ons, provided that it were used only &s a last correction in the fire control.
If dotection, tracking, and the approach could be performed satisfactorily by -
pussive means, the use of a single "ping" as a final resolution of target posi~--
tion would grant little advantage to the target if it were detected, provided of

- course that additional maneuvering and other time-consuming corrections

were not reguired by the attacker. If a rapid correction could be mads, the
target would have little added opportunity to evade, counter, or otherwise
attempt to thwart the attack, Without a "ping”, the attacker’'s presence
would be known at the instant of firing, allowing the tsrget 15 seconds or
less for countermeasures. The use of & V'ping"” as a last instant aid to fire
control would add little to the target's evasion time. Thus, the high speed of
the Hydroduct appears to give it a distinct advantage over slower weapons by
permitting use of active fire control without serious sacrifice,

d.  Another definite advantage resulting from the Hydroduci's speed is

_ the simplification of the prediction aspects of fire control, Little
degradation of hit probability would be expected from a rgasonable error in
predicting the target's motion during the dead period. A simple calculation
of lead, probably never greater than one lengih of the target, would probably
suffice., On the other hand, a deliberate effort to close to Hydroduct range
would create a somewhat more <¢'{ficult tracking problem, and attainment of
a reasonably close approach to t: (" desired attack position prior to "last in-
stant' use of echosranging might require a complex and skilled procedure.
The use of an infraquent "ping'' during the latier stages of approach might
benefit the attack despite the risk of its being detected.-

¢.. The "éxamples' of possible Hydroduct applications described in the-
precedity section present somewhat different fire control problems,
each application being distinguished by {ts own operational background and
attacking situation. Following are some of the basic considerations in each
cagel
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with deliberaie ciosing to Hydroduct range, described
on page 21, presents the "ideal' situation from the standpoaint
of fire control. This situatioo presumes that the attacker has
succeedad in avoiding counterdstection and has attained a fav-
orable attack position, Passive bearing measurcment in the
latter siages of approach should enable final-aim i azimuth and
partial elevation aim, particularly if elevation angles of arrival
have been measured during the approach, With the target pre-
sumad to be iu the desired position, a single '"ping' would enable
that position to be confirmed and a final fire control solution
made, Following the initial salvo,- successive firings could be
made with continued use of active sonar,

(2) The submerged attacker versus snorksllisg target with

contact having occurred "inadvertently® within Hydro-
duct range differs from the previous case primarily in the inabil
ity of preparing and accomplishing partial aim prier-fo contact,
Intelligence required for the attack does not differ from that of
the preceding case, but the probability of a favorable attack posi«
tion being attained is considerably lower and immediacy of attack
fs vital. Comsideration could be given in-such situations to sac-
.. vifice of "stealth” by immediate use of echo~ranging as a means

of bettering the attack,

(3) In the cases of both attacker and target being fully sub-
merged, it is doubtful that satisfactory attacks could _

be made entirely by passive moans. Positicning of the target
would require the use of echo-ranging to measure the slani range
and measurement of elevation ungle to determine target depth. if
the latter case, described on page 22, of delibarately closing to
Hydroduct range would permit a ressonably accurate determina~
tion of probable target depth prior to aitack, the final fire coatrol
salulfon might be considerably improved by eliminating the necesa-
sily of measuring elevation angles simuiltanecusly with echo~
ranging and final solution. In the case of "inadvertent" contact
betwaen two submerged submarines, a rapid fire control solution
would be essential and, as in the foregoing case of inadvertent
coatact of a snorkelling target, consifferation could-be given to
full use of active sonar immediately upon contact. .

(¢} The case of a submarine defending itself against an
attacking ASV {s fandamentally the same as the sub-

merged attacker versus snorkelling target axcept-for the came
Pplications that the target would probably be astern:the submae
rina, and the submarine would be simultanecusly attempting
evasion, IUf echo-ranging would materiaily benefit the subma-
rine's probability of hit, thers should be little veluctance to
use ii, ai least under the last ditch assumptiona described on
pags 22,
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{3) The fire control problem for tha surfaco vessel-

vs-submarine application of the Hydroduct {s fun~
Asment=11> 2 za- e as that for Weapon "A" or thrown weapons
such as ""Hedgehog."” Bearing, range, and depth of the target
are required for all such weapons. The rclative effects of fire
control srrors differ, however, arnd despite the fire control
solution being fundamentally an identical problem for both
Weapon A" and the Hydroduct, it cannot be assumed arbitrar-
ily &t the fire control system for Weapen "A'" would suffice
for the Hydroduct, Weapon "A", for example, -has the ability
to “sweep out” a relatively large depth error, an ability which
the Hydroduct does not have.

{. The appiicability of sonar and fire conirol systems currently in
opsration or under development i{s an important consideration in
determining the course and content of future development of Hydroduct sys~
temns. Deisiled study would be necessary before reliable conclusions could
bs drawn regarding the deficiencies of current gear for use with Hydroduct
weapona and the extent of modification of such gear required. The preced-
ing discusaion indicates that the sovars and fire control systems currently
available for Weapon "A" may be applicable as weil to the Hydroduct in,
surface=tc-submarine applications, As submarine ordnance, however, it
sppears that the Hydroduct would require modifications or additions to cure
reot submarine gear, particularly for attack on submerged targets. The
BQR-3 is the only system that provides measurement of elevation angle, and
this system has been under development primarily as a passive means for
horisontal rangs of a surface target during tracking. The same
principle could be employed as an integrated part of a fire control system,
with simultaneous use of active means of determining slant range to enable
determination of farget depth, but the adaptability of the BQR~6 system it~
self to this purpose seems questionshl e,

Tha fire control computer requirements for-the Hydroduct are, of
course, unique in many respects. The complexity of solution and the required
inputs would depend on the sensitivity of system performance to the various
causes and magnitudes of bias. Computation of the aimn point relative to the

. measured instantaneous position of the target, such that proper lead and

super-elevalion are ensbled, constitutes a problem the exact aolution of
which would be complex, involving prediction of ail effects on bias introduced
by motion of both the target and firing vehicle and ballistic devistions of the
missile due to relative motions of the surrounding sea water. However, it is
avident by intuition alone that many of the sources of bias and deviation would
have negligible or minor effect on the hit probability, and their omission in
the {ire control would be desirable. Detailed atudy and analysis would be re-
quired to effect the opiimum compromise, but it seems reasonable that the

requived inputs would be within reasonsble limits, and might in fact be rela~
tively simple, T )

SECRET
Page 32 of 94

M STRTL s - 5 B s L e . S R
=T el s o e T - .




i

Sf

e M.,.._...n_.... ..«mm.-n“u .
y

S H

F. LAUNCHING CONSIDERATIONS -

The requirements for launching present cne of the most intaagible, and
owe of the most critical problems of Hydrodiuct weapon systems. Even if all
othey aspects of such weapon systems could be resclved without detrimont to-
the Hydroduct's potentialities as an underwater weapon, the penaities and )
sacrifices of providing adequate lannching means might overshadow all of its .
potautisl advantages. This is not meant to be an assertion that such wouldbe.
the case, but an emphasis of the importance of the launcher to the over~all
pexformance and value of Hydroduct-systems. I is the launcher that threat-
ens to make the over-all cost of Hydroduct aystems excessive. The launcher
would imposs & "dead weight” penaliy cn the firing vehicle - a sericus con~
sideration for submarines. Consivtent performance of the izuncher would be
a necessily to maintain low dispersions, The mechanics; particularly the
ability to train snd elevaie the launcher, would have considerable influence
on the feasibility of the various possible applications for the weapon, With
e possible exception of rigidly mounted, imranovable launching tubes, cone .
siderabdle maintenance would probably be requirad,

Considering the muitiplicity of possible means and configurations of
lssnching systems, and the significance of considerations such as those de-
scribed above, it is doubtful that reliable evaluations of Hydroduct systems
could be made until many of the launching problems have baen resclved by
adequats study, anslysis, and test.

Although the launching requirements for Weapon "A" differ entirely from
those of the Hydroduct, and any attempt at direct comparison would be means -
ingless, the soricasness and importancé of the launcher problem {s indicated -
to some degree by the Mark 108 launchér assembly of Weapon "A", This
lsancher enables single~shot ripple fire of 22 rounds, each round weighing
500 pounds, at a rate of one round avery five scconds. A "ready service”
magasine enables compietely automatic firing of all 22 rounds if desired.

The launcher i{s trainable and elevaiable. The complete acsembly weighs
47,000 pounds without ammuniticn, and costs approximately $3%06,000 per
unit in lots of ten. It requires considerable maintenarn:trand must be serv-
{ced by expert parsonnel.

The majority of past effort with the. Hydroduct has been directed at devel- .
opment and test chthe missile jtuelf, T&iuts of-the 4.5~inch test version were -
made with special test lannchers providing rail guidance and using solid pro=-
pellant rocket motors for initial boost. Design-studiea of operational lsunchers
have bean made but no such launchers have been fabricated or testsd. In view .
of the preliminary status of launcher developmant, the study described in this
report haa not atlempied more ilun a8 generalised sxamination of launching
probleme, Fallowing are soms of he veguirenienta and consideraiions which
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are thought te characterize the Hydreduct launching problem and to indicsts
the nead for fundamental studids of possible launching systems:

1. Since the Hydroduct is inoperable without sufficient ram pressure to
enable the flow of inlet water, the launchezr must provide for initial

boost of the missile to a "minimum” speed before free flight can commence.
It is intended that sufficiont boost be provided for a launching velocity of
approximately 250 feet per second. It is preferable to minimise the length
of the launcher, and "single-length” launching is contemplated. There are
numercas means by which the rzquired boost could be provided, and it is
cbvious tha: design of the boost should be guided by the considerations of
cost, reliability, maintenance, weight, minimum hagard, eic. No purpose-
would be served by discussion herein of such possible means of boost since,-
until the basic lsuncher requirements have been established, no reasonable
investigations could be made of the problems of mechanical detail,

2. Probably the most critical problem associated with the launching sys«-
tam is the question of trainability. A variety of possibilities exists,
sach kaving its own considerations of mechanical complexily, weight, cost,
maintenance, etc, From the standpoint of maximunm atility of the weapon,
- the “fully trainable' launcher, capable of rapid motion in both azimuth and
elevation, is the "ideal”. From the standpoints of cost, weight, maintenance,
etc., the "fixed" or rigidly mounted launcher represents the ideal. Compro-
mises include launchers trainable in asimuth only with fixed elevation angles,
and "elevatable” launchers with fixed azimuth angles, Other possibilities in-
¢lude fixed lannchars with multiple elevatich or agimuth setlinga, such as
mounting launchers aboard a submarine to enable firing both forward and aft.
Soma improvement aver rigidly fixed launchers, but avoiding some of the
complexities of trainsbility, might be offered by "adjustable' launchers, en--
sbling preattack setting of desired elevation and asimuth, but with aiming
sccomplished during the atlack by maneuvering and trim of the vehiclea. Thame
and other possibilities allow 2 wide variety of conjecture and sypposition, and
only comprehensive study and investigation could provide any realistic indica~
tions of the neced for movable !aunchers aund improvements in versatility and
effectivenass possible thereby.

With regard ¢t the use of Hydroducts a3 submarine ordrance, the in~
vestigations of missile performance reported herein have considered the
Iauncher fully trainable (elevation and asimuth) in order that the most severs -
pousibilities of cross current and tip~off effects could be sxamined. However, .
because of the acuteness of weight and space problemns, it appears desirable -
te concentrate initial offort on possible use of fixed launchers. Studies of
launchers and snalyses of the improvement in systom effectiveness to be
gained by trainability should continue in the interests of eventual optimisation,.
but in view of the preliminary state of development and the many uncertain-
ties currently associated with the weapon's potentialities, it is considered
advisable to minimise the inhibiting effects of complexities and to concentrate
effort inikially on developing hc simplcst prasdicable system.
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in the submarinesvs~gubmarine applications, the "inadverteat' cases,
or other siluations preventing approach by stealth, would be mosi adversely
affected, and perhaps preciuded, by lack of launcher trainability, and defenss
against an attacking antisubmarine vessel might bz infeasible unless iaunchers
mounted specifically for that purpose were provided. The other cases of de~
libezate closing to Hydroduct range, however, if tactically feasible, would
be degraded considerably leass by launchor immobility,

In the surface vesael-tocsubmarine application; trainability in both
asimuth and elevation (or depression) would appear to he an absolute necese.
sity, this being further complicated by the necessity of subsuriace launchings
rather than deck launchings.

3. Since muitiple firings of Hydrcducts sre contemplated, the launcher
must provide either multiple launching tubes which can be selectively

fired in either salvo or ripple fire, or mesns of magasine loading must be
provided. The latier involves mechanical complexities, atthough offering
certain advantages if used in cenjunction with a trainable lanncher and siso,
perhaps, offering a better means of reloading. However, if the launchers
were rigidly mounted, the use of muitiple launching tubes would be more cone
sistent with mechanical aimplicity.

4. The problem of reloading is another important consideration in
issocher design, and this is of particular concern to the submarine.
The necessity of surfacing to reload is a serious consideration and could
severelyhinder the usefulness of the weapon. However, again in the interests
of simplification, if rigidiy-mounted multiple~launching tubes were employed, .
the use of sufficient tubes to enable repeated firings should be considered.

S. As ancther basic problem, the optizman use of a low dispersion

) missile with relatively large aiming errors wouid require pattarn
control. The “ophimum" pattern would vary with target aspect and range, and
perhaps with other iactors as well, Hence, 2 variable pattern control and 2
variable sumber of rounds per firing would be desirable as a means of opti-
mising hit probabilities and nuse of amenunition, In submarine-va-submarine.
applications, a vertical line pattarn is the logical means of compensating
errors, and variability in this case would involve optimum vertical spacing.
Once again, however, mechanical simplicity would be enhanced by use of a
fixed pattern based upon probable target range and aspect, and pre-set in the
rigidly mounted launching tubes. The ability to vary the number of rounds per-
firing, however; shouid be relatively simple.

6. With.regard to salvo versus ripple fire, the latter has the advantage
of not compounding the recoil loads on the launcher, its supporting
structure, and the vehicle and is probably also superior from thke standpoint of
hydrodynamic interaction sffects.
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— 7. There are maay considerstions olber than koes given above, as for

! the haxsrd problem, which requires positive ejection of »
missiles to preciude the possibility of burning the launchez and hull, and )
assurauce that an armed missilie cannot contact the fiving vehicle. Firing @
mschanisms, means of missile ignition, possibiiities of water damage to
loaded missiles and lsuncher, and probiems of corrosion are additional exarns -
ples. Howevsr, until the more basic and fundamental-problems discussed’

~

I above have been adaquately investigated, consideraticn of detailed require~ 4
; mexis would bs superfizons.,
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HYDRODYNAMICS AND BALLISTICS:

Dyaemic Characteristics
Dévistions.: . . . ,.
Dispsraion . . . .
Cavitation., . . . .

" Mutual Interference




A. GENERAL

._~

For the purposes of this analysh. the hydrodynamic proportles of the
Hydroduct have been exzmined primarily from-the standpoint of those condia--
tions or peculiarities which might degrade the feasibility and effactivaneas of -
the weapon under operational use. To accomplish this study, existing test:
data for versions of this weapcn and for similar weapons have; whersver
possible, been projected-to situations aot covered by the tests,; but which
might be expected to occur in operationsl use,- Theoretical studies have been-
applisd whers necessary to supplament-test data in establishing ths influence
of important ballistic parameters..

The effectiveness of the Hydroduct-weapon is directly related to deviations
of the trajectory and dispersions resulting from hydrodynamie and physical
anomaliss. As used in this part of the study, deviations are considered to be
variations in the maan point of impact introduced directly and uniquely by
operational parameters at launching. They will appear in the form of biases
of known magnitude and direction, and will not be considered to include aim~ -
ing errors. Dispersions are in general those variations which are the resuits
of physical differences between vehiclas of a stasistical nature, and hydrody=
namic anomalies introduced by launching operational parameters w!m:h influ-
ence individual vehicles differently.

Ordinary dispersion patterns have been faivly well established in restriced

-tests on small test versions of the weapcn. Thesse tests are relstively faw in

number from a statistical standpoint; however, they do provide some indica~
tion of the dispersion qualities of the general configuration and philoscphy of
operation for preliminary evaluation purposes.

The tests referred to above were carried cut under essentially static con=
ditious, and do not provide any indication of dispersiocus uni jue to lannching
in salvos from a moving vehicle, or of deviations resulting from known
launcher or launching vehicle motions at the instant of loanching. Since cone-
cepts of operational use of the weapon include launchin; in calvos from maneus
vering vehicles, all of these additional effects must ve evaluated, at least in
order of magnitude of resuliing devistions and dispersions,.before the operar-

tional effectiveness or: tcuibihty of the weapsa can be more completely
assessed,

Daviations. and-dupoutm of primary interast-in this study and which re=-
quire svaluation are then those additional ones thit-arise through conditions at-
iounching introduced by variations in operating parameters and launching
methods such as launching vehicle speed 8nd mancuvering,- launcher motion,
direction of launching, type of salvo, etc. Variations in thess parameters,
since they are assosiated with lauaching, essentially manifest themselves in
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variations in initial conditions at the beginning of the trajectory; hence, the
resulting eifects on the trajectory can be -evaluated analytically through ine
sertion of the applicable initial conditions in the equations of motion for the

Hydroduct and comparing the resulting trajectory with a trajectory computed
for the static firing case.

Conversion of opeyational and désign parameters into initial conditions
amenasable to cbtaining quantitative measures of deviations and dispersions
can be done conveniently in analyzing the effects of most practical launche
ing vehicle and launcher motions, Howewer; data presently available do not-
allow insertion of definite quantitative measures of the effects of cavitation:-.
{which can result from launching from a moving vehicle) and mutual interw

ference (resulting from salvo launching) in the equations of motion. In these-

latter cases, this analysis is generally restricted to estimating whether or
not cavitation or mutual interfarence might be expected to occur at varicus
values of launching pareameters without any actual quantitative estimates of -
resulting variations in the trajectory. In general, data that are available
indicate that for a weapon of this type both of these itams could be expected

to have rather large and uncertain effects oa the trajecltory. Hence, condi-
tions at launching which could induce either cavitation or mutual interfsrence
should probably be avoided. A general evaluation of these two effects can
then be beat expressed at this time in terma of restrictions placed on opera=~
tional situations o avoid the ocourrence of either cavitation or mutual inters -

- ference.
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B. INITIAL CONDITIONS-

The main eifects of launching-vehicle and launcher motion-is to induca
crogs currents at the launcher and rotational velocities of the launcher at the.
instant of launching, These-cross currents and launcher rotations manifest-
themselves in angle of attack or yaw and angular velocities.in pitch or yaw of -
the Hydroduct as it leaves the launcher., Under some conditions, increased--
relative velocily of the Hydroduct also resulls, -

The inflasnce of rectilinesar stoady motion of the leanching vehicle in indues-
ing angle of atitack or yaw at launching is developed in Appendix I. The angle -
of attack or yaw and the direction of motion of the center-of gravity as the
Hydroduct leaves ths launcher can be directly expressed in terms of Hydros.
duet launching speed, launching veliicle spesd, and angle of iaunching relative-
to the lsunching vehicle. Also, in launching cicse to the velacity vector of
the launching vehicls the relative velocity of the Hydroduct can bs substanti-
ally higher than the launching speed relative to the launcher, approaching the -
sum of the launching speed and the apeed of the launching.vehicle.

H the launching vehicle is moving in a steady curved path, an additional
angle of attack or yaw is induced, and an initial angular velocity is imparted
to the Hydroduct upomleeving the launcher. The additional angle of atiack or-
yaw i3 a function of the distance between the centar of rotation of the lannch-
ing vehicle and the end of the launcher, the spesd of the Hydroduct as it leaves:
the launcher, and the angular velocity of the launching vehicle. Angular rota--
tions of the lanncher alones will have a similar affect in imparting angle of
altack or yaw and angnlar velccities to the Hydroduct,

Since this study {s primarily concerned with submarine launched Hydro-
ducts, all cf the values of the opsrational parameters used in estimating the
effects of launching vehicle molion are based on submarine performance data
cbiained from various availabie reference matarial, For #he purpose of this-
study the launcher is assumed to be fully trainable in azimuth and slevatica.-

Maximum speed considered for the launching vehicle was assumed to be 20
feet par second, in accordance with dsta contalned in Reference 1. This is
near the maximum submerxged speeds (one hour rate) Ior .the "Guppy' and
“SSK" type submarines. Angles of attack and yaw induced at this speed for-
various angles of launching are shown in Fig, 6.

A laanching submarine pitching rate of about-1% per second was assumed-
from Refersnce 2, and represents the extrame of full scalz trial dataon a
"Cuppy" type submarine in a dive mansuver reduced to 10 knots {w 17 fpe).

The angle of atlask produced by this effect is approximately 002 radians for a-
lanncher locatad 30 feet from the center of rotation of ihe submarine, The
pitch rate of rotttlmtﬁpuhd to the Hydroduct is .0176 radians per second,.
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Launching submarine turaing rates were-obtained from Raference 3 for a-
"Guppy! conversion. These data indicate maximaum-turning -rates of about
+033 radians per second at & forward speed-of 20 fadt per-second as typical-
of mere or luss exiveme operational values. This induces an angle of yaw of.
about .004 radians at launching for a launcher located 30 feet from the center-
of rolation of the aubmarine.

Actual raies of rotation of-the launcher-alone which might-be used are une -
kaown, Simply to foliow a surface target traveling-at-50 feet per second in-
the opposite direction from the laynching submarine traveling at 20 feet per
second would require a raie of rotstion of about .07 radidns per szcond fora-
range of 1000 fest. Elevation angie ratex of about 01' radians per second -
would be required to follow a limit diva wnaneuver of-a 10-knot submarine
diving from the surface and stabilizing out at 400 feet-(Keference 2), These
situations might be practical as somw sort of-eriteria in cases of launching:
repsated salvos at moving targets,.

There are, of course, many other secondary effects of launching vehicle
motion that will influence the trajectory, For instances, the flow patiern
around a moving submarine will in itself introduce differcnces in the direction:
of the cross stream at the launcher which will influence initial conditions.
However, time dces not permit evaluation of such additiomal problems in this
study, and the present analysis must necessarily ba restricted tc those effocts -
that appear offhand to have the largest influence -on the effectiveness of the-
WeaAponh,
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C. TIP=OFF
A factor-which may-be of -considerable .importance in inducing initial
conditions of angle-of aitack or yaw and angular velocities of the Hydroductat.
lagnching is tip~oft, particularly if the launching submarine is in motion,

" If the Hydroduct is not supported rigidly by the launching during the
time it romains in the launcher, both hydrodynamic and gravily eifects can

roasult in displacemant of the center of gravity, and angular velocities in pitch -

or yaw of the Hydroduct relative to the launcher axis before the launcher is
cleared, Theaae in turn contribute to initial conditions of angle of attack or

yaw, angular velocily, and différennes in the flight path at the time the Hydroe -

duct leavez the lawncher. The maguitude and character of these initial condi-
ticns is dependent cn layncher design characteristics and on cperating condi-
tioas at launching. Since the launcher design is not established in final detail
as vet, any attempis to analyse the effocts of tip-off at this time must neces~
sarily be based largely upon assumed iauncher characteristics and interfer
encs effects which may not be representative of the final design. Howsver,
certain illustrative cases can be useful in bringing out factors in launcher -
dasign, and to possibly get some idea of the boundaries of possible results. of.
tip-off.. .

Studies of proposed launching methods for the Hydroduet indicate that it
might be veasonable to sagume thai the rear of the missile is constrained to
move along the axis of the launcher uniil very close to the exit, Also, it
Appears conservaiive to assume that no suppert is provided by the lip of the
lanncher after the maximum thickness point of the Hydroduct passes the end
of the launcher. With these conditions of constraint, and assuming that both
hydrodyaamic and gravity moments are effective, the equations of motion
describing the tip-off are developed in Appendix VI. Resulting angles of attnck
or yaw, angular velocities of rotation, and flight path angles as functions of
lsunching conditions are givea in this appendix.. Translations of the center of
gravity during tip-off are quite small in all cases and need not be considered
in further trajectory analyses.
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D.. DYNAMIC CHARACTERISTIGS

- The magnitede and character of the additional deviations and dispersions
resulting {rom the introduction of various initial conditions at launching out~
lined in the previous section depend on the dynar:ic charactsristics of the
Hydroduct {tseif and on the magnitude and character of these initial conditions.
As pointed ocut earlier, determination of theae deviations and dispersiouns is
" implemented through. sclution of equations describing the motion of the Hydrow

duct; with the proper initial conditions inserted to describe the character of .
causative factors. .

Approximate equations of motion suitable for this analysis are given in
Appondix II. From these equations the space position of the Hydroduet center
of gravity can be aatablished, along with the space orientation of the flight pah
and the axis of the Hydroduct at any time during the trajectory. Comparison
of calculated irajectories, including causative factors of intereat, covering the
range of expected operational conditions with trajectories determined without
these effects will give some indication of additicnal deviations and dispersions
which might be encountered. Knowing these, a cursory evaluation of the vare
jous conditions at launching can be made in terms of weapon effectivensss and
fausibility through hit probability analyses, '

e T PSR ISR s S5 YIRS N :

Thae introduction of various initial conditions in the equations of motion for -
the Hydroduct results in transients occursing imrmediately after launching,
during which the initial disturbed conditions are reduced to stendy values, and
the Hydroduct expericnces translations and rotations in space which are differ-
ent from the basic trajectory for static-launching conditions. Conditions at the -
end of this transiont period can then be considered as initial conditions for an.
essuntially undisturbed trajectory covering the baiance of the flight, Differ-
ences in the trajectories at the target are then dirzectly related to the differ-
ences accumulated during the transient perir Jd,

Examination of the-characteristic equation for the Hydroduct developed in
Appondix IT indicates that the Hydroduct will exhibit the general dynamic chare
adteristics of a smail stable vechiclc operating at high speod in a dense medium..
Motions are well damped, and undamped natiral frequcencies are high, Thers-
fore, any disturbed motion will be reduced to steady state-conditions in a very.
short period of time. In addition, the high launching spsed of the Hydroduct has
the general affect of reducing the magritude of initial conditions resulting from-
variations in-cperational parameters at launching. Both of these factors tend -
to minimise accumulated differences during the transtent.

If the transient is of short enough duration, t‘cmotlcn&uing the transient -

can be salisfactorily analysed on the basis of no weight, center of gravity, or
speed change, The general form of the transient in angie of atdack or yaw and -
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the flight path angle for these conditions has been devaloped in Appendix I..
For the Hydroduot in the launching condition, and also in the burned condition
at a apoed of 150 feet per sccond, these transients have the estimated form
shown in Fig., 7. The motion is overdamped, and approximately 99% of the
steady state value is reached in about .05 seconds for the launching condition,
and about ,08 seconds for the low speed condition., In this short pericd of
time no significant changes in physical characteristics would-be expected to
occur to alter the general character of the transicnt, The difference between
transients for the burned and unburned conditions at the same speed is small,

being of the order of a 10% increase. in transient time for the unbarned con-
dition in each case. . &

The conditicn of no speed change during the transient is ngt strictly allow-
able since the equilibrium speed of the present Hydroduct is shown to be depth
sensitive in Reference 4, with the equilibrium speed going from approximately
275 feet per second at the surface to about 158 feet per secnnd at 300 feet
depth. At the greatar depths,.then, the equilibrium speed is substantially
lower than the launching speed, and the Hydroduct will decelerate during the
first part of the trajectory. An approximate analysis of this deceleration is
given in Appendix V, which indicates that the time to decelerate to equilibrium
spaed.i{s velatively large, requiring about 8,0 secconds at 300 feet depth, Dur-
ing a transient of .05 to .08 seconds duration, the speed change due to this
deceleration will for all practical purposes be negligible, and the transisnt
can ba considered insensitive to depth to the greatest deplhs considered as
operationally faasible for the Hydroduct at this time. Any decoleration to
equilibrium speed can ther be considered to take place entirely during the
essentially undisturbed trajectory following the transient.
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1, GENERAL : !

For the immoadiate purposes of establishing the general order of magnjtude
of variations in tho trajoctory imtroduced by cross currents and tip-off,
motions of the launching vehicle and launcher during tactical operations will
be assumed {0 be the products of deliborate, known, controlled maneuvers
with no random errors introduced Ly controlling eloments or input command
signals. The main results will appear in the form of deviations of known
direction and magnitude which are dependent upom the conditions of flight path
amgle and speed at the end of the transient described previcusly and thedynamic
charactoristics of the Hydroduct.

e YT R e

R Saalae

Since the transients in angle of attack and flight path angls for the Hydro~- .
duct are of short duration, and the translations of the vehicle are small dure : B
ing the transient, it is sufficient for the purposes of this study to consider the :
approximate undisturbed trajectory to originate at the end of the launcher, but I P
Mﬂudﬁrocﬁono!thcnightpa&ttthispotntdorig{nhetngthovﬂnedcmu - :
mined with consideration of the transient.

2. VERTICAL TRAJECTORY

The vertical trajectory following the transient in angle of atteck and flight ’ ¢
path angle occurring immadiately after launching can be conveniently analysed -'

using the approximate expressions suggested in References 4 and 5, and shown
ia Appendix IV, The general charactor of the resulting approximate trajecto-
vies for representative values of launching parameters are shown in Figas. 8, . .
9, and 10. These trajectories include the approximate offects of weight chargs, . L
deccleration from launching speed to equilibriurm speed, and variations in equi-. -
libriom speed, and variations in equilibrium speed with depth,

The trajectories shown basically exhibit the characteristica of a very

oquiltbrium angle of agtack for moment balance is quite amall, allowing a fair

of downward curvature to the flight path. The trajectory flattens out
cousiderably toward the end of the flight path when near<neutral buoyancy is.
spprouched,

A.comparison.of the vertical trajectories for static launching conditions . b
with the trajectories including the totai estimated effects of cross currents and.
tip~off indicate varistions in maximum total deviations .of the-ordor of those
showm in Fig. 11 for various typical values of positive clevation angles and ex-
trems values of lanching~submarine speed. This figure indicates that devia-
tioms of the order of 28 to 30 mils would be the largest that might be expected
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to vesult from launching ahead from.a moving submerged submarine. With
the Hydroduct limited to operational depths of less than 300 fcct, surface tare
gets at slant ranges as low as 750 feet could be attacked with 2 maximum
launcher elevation angle of approximately 25°, From-a 60-foot launching
depth, this same slant range could be attained with o maximum depression
angle of about 14° for targaets at a 300-fcot depth, For lower slant ranges,
higher limits of launchor elovation and deprossion might be required. How-
éver, the probabilitios of such target orientationa might be sufficiently low to
enable limiting elevation and depression of the lsuncher to these values as a
means of reducing cost and complexity.

% 4

Deviations due to cross strecam aione without tip-off, and hydrodynamice

- tip=off, both increase with increasing angle of elevation of the launcher., Grave .

ity tip~off has the effect of counterbalancing the hydrodynamic tip-off effects
at positive angles of elevation. At high angies of elevation, hydrodynamic tip~
off can contribute substantially to the total deviation if launcher design is not
carefully constituted.

Trajectory drop-off places sdnc limits on maximum usable slant ranges
which are functions cf launching vehicle depth and target depth. 4An estimate
of these limits {s shown in Fig, 12.

3. LATERAL TRAJECTORY

The mean undisturbed lateral trajectory following the transient is defined
by a condition of aero angle of yaw; thus, the projection of the mean trajectory
on the horizontal plane is essentially a straight line, the direction of which is
defined by the flight path angle at the end of the transient following launching,
Some examples of estimated lateral trajectories obtained under conditions of

launching at various angles off the bow of a moving submarine are shown in
Fig. 13.

‘rhe high static stability of the Hydroduot canses it to align itself very
rapidly with the direction of the relative wind, and produces a relatively sub-
stantial lateral angular departure of the flight path from the relative velocity
vector at lannching as compared ¢o a less stable confignraticn,

The resulting latoral deviations for-wvaricus angles of launching and .
lannching-submarine speed are estimated in Fig, 14. It can be soen that these
.deviations get rather laxge for l~unchings at high angles off the bow of the sub~
marine, approaching the length f some applicgble targots at maximum range.
Hydrodynamic tip-off 2ctually has a beneficial effect, at least for launchings
at angles less than 90° off the bow.

Hydrodynamic tip-off duc to motion of the launching vehicls can have rathe
iarge effects on the lateral trajectory at high angles of launching duae to the
velatively large initial angles of yaw existing, as shown in Fig. i4. It has the
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effect of substantially reducing the total doviation-over a large. range ‘of
lannching angles.

Steady turning of the launehing submarine at near maximum rates is esti-
mated to produce deviations of the ordor-of 2.5 mile ossontially indapendent
of the launching angle. These estimates ave based on turning -characteristics .
previously discussed in the seclion on."Initial Conditions.” Launcher motion
alono for the more or- loss fictitious case catlined in that same soction. ¢

- would introduce only-about-3 mils additional-doviation. .

The doviations discussed quantitatively above only applys of course, o
the spocific casos considered with the assumed tip~off conditions outlined
earlier. These doviations can vary considerably with design aspects of the
launcher and with variations in the design of the Hydrodact fuoell Thus, they
cannot be considerad as final guantitative-values in any scnse, but merely re-
present a preliminary analysis of what appears to bre the gonoral order of mag-
nitude of trajoctory differcnces that might be expected o rasult from varia«
tions in operaticnal parameters on the basis of present available informatian.
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F. DISPERSION

The previcas discussion 48 concerned with factors that primarily induce
deviations in the trajectory of known amount-and direction, resulting from
variations in oporational parmmeters at launching. Those variations would
10t be axpected to induce any dispersions in themseives. Any possible ves

sulting dispersion effects would be due to aggravation of dispersion already
¥xisting from other causcs,

Muin sources of symmetrical accidental disporsicn for a rotating vehicls
are manufacturing tolerancos resulting in fid and thrust misalignments, and
hmdling damage such as bent fins and surface deats. These items, in sffect,
act as forcing terms in the equations of motion as shown in Appendix II, Solu-
tion of the equations with these forcing terms included results in a steady stae
dispersion term and additicnal torms that die out exponentially during the trm-
sient following launching. The components of the dispersion teyms in the hor=
iscutal and vertical plancs are oscillatory in nature, with magnitude dapendent
upon the frequency of rotation and the dynamic characteristics of the Hydro-
duct itself. Thev are in themselves, for all practical purposes, independent

of the initial canditions of angle of attack or yaw and rate of change of angle of
attack or yaw at launching.

The inherent dynamic characteristics of the Hydroduct appear to be quite
faverable as far as minimising the effects of physical anomalies in producing
symmaetrical dispersions. The high undamped natural {requency and the good
damping characteristics tend to keep the magnitude of the steady state disper-

siom term low. Actual dispersions cannot be evaluated analytically, however,
sinca no statistical data on accidental damage or manufacturing tolerances are
availahle, '

Lateral dispersion data from teats of the 4, 5={uch version of the Hydroduct,
suth as are reported in Referance §, are indicative of the general order of
maguituds of symmetrical dispersions which might bo oxpected to occur undeér.
¢ssentially siatic launching conditions. The.average of such tests to daie
appears tc indicate that & standard deviation of lateral dispersion of the order
of about 8 mils might be reasonable to assume as possibie for this weapon, .
A standard deviation of vortical dispersion of 16 mils appears to be corre~
spondingly zeceptable. Sstisfactory tests, however, are still relatively few -
in number, and statistical confidence intorvals are necessarily lazge., Howe
ever, thess dala do give at least some indication of the goeneral dispersion
qualities of the wespon for preliminary evaluation purposes.

The inirodaction of initisl condilions of angle of attack or yaw and rate of
change of angle of sttack or yaw at launching due to cross currents, iip-off,
etc,, produce devistions which can alter ths instantznecus dynamic charscter«

. _ : © SECREY
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istics of the Hydroduct duting the trajectory, Sifice, as shown in Appendix 11,
iae magnitude of dispersions dopends ou thesc dynamic-characteristics,thedis-
persion pattern can be affected by conditions of operational use which primare
ily induce deviations. The only cffect of any probable importance here, how
ever, comes sbout through the depth sensitivily of tho eguiiibrium speed of the.
Hydroduct, and any deviatious in the vertical trajectory which produce appre~ -
ciable equilibrium speed changes may alter the undampod natuml frequencyand -
damping ratio of the Hydroduct enough to give risc- to additional dispersions
which should be included in evaluation studies.

5 3

Actually, asindicated in Figs. 8, 9, aud 10, total deviationa in all cases-
considered gave a net decrease in depth at the target, This has the effect of
increasing equilibritim speeds, which in turn should reduce the magnitude of

- dispersions, This would not be true, however, for launchirg at large angles
of deprossion against desp targets, .

The large ratio betweun the standard doviations of vertical dispersion and -
lateral dispersion indicatss that variations in thrust from one Hydroduct to the-
next are appreciable for test vehicias to date. Thia {s attributed in Reference-
6 to difficulty in controlling the Alclo grain during the manufacturing process..
According to this reforence, steps are boing taken to improve this situation.
Later tests seem to indicate some improvement over earliest results.

-
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G. CAVITATION.

The results of tasts such a3 are reported in Roferoncs 6 appear to confirm-
the cavitation-resistant qualities of the general configuration vepresented by .
the Hydroduct. Those data indicate that cavitation coefficionts as low as .075-
were reached in-some cases beforo appareat incipient cavitation occurred,
while practically no cavitation-appearad to occur at coefficisnts greater than -
.10. : ;

Data on -other sisisilar finned vehicles and oa hydrofoils given in Reference .
7 show that the cavitation -coufficient for the onset of cavitation will in geneal -
increase with increased angle of sttack approximately as the square of the
angloe of attack. Projecting these data to the Hydroduct gives the estimated
variztion in cavitation coefficient for cavitation onset shown in-Fig. 15. These
results are expressed in iorms of opersting limits in Fig. 16, With angles of -
yaw from Fig. 6, some idea of possible limitations on operating parameters
impoaed by cavitation of the Hydroduct can be obtained.

Fig. 16 indicates that the Hydroduct can operate at equilibrium speeds with-
out cavitating st depths below about 55 feet at essentially zero angle of attack
or yaw. However, with a fixed launching speed of 250 feet per second, static

launchings at depths loss than 65 foct may produce cavitation. Those minimum. -

depths increase with angle of attack or yaw existing at launching due to cross
stream conditions. Lasunching limits for variocs values of launching vehicle
speed and angles of lamnching are indicated directly in this figure,

The effects of cavitation on the trajectory would be very difficuilt tc assess
analytically at this thme. When cavitaiticn apparently occurred dus to exces~
sive speeds reached during tests of the 4.5~inch version, the trajectory
appeared to be cxtremealy crratic and unpredictable. Hence, it is probably
desirable to avoid conditions at launching which could place the Hydroduct in
situations of depth, speed, and angle of attack or yaw. in-which cavitation might.
occur in accordance with the figures referred to above.

-
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H. MUTUAL INTERFERENCE. @
Availuble date appear to give no indication of the affects of mutual interfer~ :
ence betwaen vehicles of the Hydroduct type. Tests on cavity. ‘i
rockets, the results of some -of which ars reported in Refersnce 8,
indicate that launching in salvos with spacing between vehicles of loss than ;
ons to three diamsters produced extremely srratic resuits, and this method of -
launching was considered infeasiblc for operational use. Fast ripple firing, P e
however, produced ao erratic effects for intorvals botween missiles of down {
to approximataly .3 seconds. Thua, it appears that the mutual interference N
problem for the Hydroduct should not be serious if care is cbserved in spac~ -
ing and + Furiher investigation is required to more clearly estahe P
Hah the limits of these items tur the Hydroduct. '
) »
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there iz no doubt that of al} the parameters invalved, the kill probability is
the most tasgible for "reasoned Judgment" to cope with and hence the most

desired result of & limited analytical study, However, its preseatation as a
basis for conclugion should be viswed with caution.

Cf the many assumptions upon which the caleulation of hit probabilities of
an unguided misgile is normally based,

thatmruthcgremniaﬂmam&eruﬂu

+ Inthe case of the Hydroduct,
itis Apparent that data regarding pertinent

aiming
inconclusive, and since the Hydroduct possesses

beyond ressonshle doubt, However, as a
investigation of this problem, analytical studies were made of the relative ine
fucnce of several operational use factors which were
be of concern in thig study mdhgviugpcuibledqndhg ef{ects on hit probe
abilities of the Hydroduct, The resulls of these »

what general terms and llustrated graphically on

SECRET
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A, EFFECTS OF DISFERSION AND §YSTEM ERRORS

. The degradation imposed on hit effectiveness of the Hydroduct weapon sys-
tem by doviations and dispersions introduced through operational use factors
discussed proviously can only be evaiuated in terms of basic-dispersion char«
acteristics and system exrors involved in-locating the target-and aiming the
weapon. For instauce, if either or both dispersions and random errors in -
locating and aiming are comparatively large, substantial biases introduced by
cross stream and tip-off may havo little effect on hit probabiiity, and correct-
ing for such deviations may be of doubtf{ul values over large ranges of opera~
ticnal paramatera. Aan illustration of this ia given in Fig. 17 for several total
random e:rors whica include both aiming errors and dispersions. The rela.
tive degradation in cingle~shot probability increases quiic rapidly with vertis
cal bisa for low tobal random elevation errors, ‘and, unless correcied, rela.
tively amall biasss may reduce total hit probability significantly, However,
with iarge random elevation errors, substantiai biases can ba tolsrated with
very little relalive decrease in hit probability, At large uncorrected offsets,
substantially increased random errors give actually greater hit probabilities.
A3 a matter of fact, unileas provisions are made for at least pariial correcs
tion of large biases which may be introduced by oparational factors, there muy
be some distinct disadvantages in & weapon system having low total random
errors. Hit probabilities in Fig, 17 and the following {igures were determined
with the methods generally indicated in Re!mcs 10, 11, and 12.

The fall-off in kit probability with horisontal biis is much less pronounced
then with vertical bias for beam attacks due $o the elongated shape of applicable
targats. However, for target aspects close to the bow, the relative decrease
iz hit probability with horizontal bias becomes much more severe., This vari-
ation with target aspect for the single-shot case is illustrated in Fig. 18. The
relative degradation in hit probability with-bias is improved with incressed
stlvo sise, but is increased with reduced random errors, as.is indicated in
Figs. 19 and 23, for vertical biases. Comparisons of Figs. 18 and 21 wiil
provide an illustration of the influence of salvo size and random errors on the
effects of hor | -ontal biases. The salvas assumed here arc spaced vertically
to maximise .. .« probability {n 2ach case, Optimum salvo spacing varies with
syoste.n -errcrs, dispersions, and number of Hydroducts in the salvo,

As iridicated abowa, total random errors consist i the main of system
errors; which include veadam errove i losating the targot and in saimine tha
Iauncher oy sabmarine,; and ballistic dispersions., The relative influence of-
eack of these major sources of random errow on hit probabilily for salvos of
Hydroguets with oplimem vertical spacing i¢ shown in Fig. 22. This figure
indicates that only with very accurate target location and aimisg does improve--
ment in disperaion result in a very substantial increase in expected number of

_hits., Czasiderably more improvemont covld be attained by the same reduction

SECREY
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. @ (.t in system errors in all cases where system errors are relatively large. The
‘ relative improvement to be gained by roduced dispersion as compared to re-
: ; ductions in system ervors decreases with incrcascd salvo size. This further
@ _ de-emphasizes the value of low dispersion characteristice in the presence <
: valatively high system errors if large salvos are to be used to gain increr ...
hit probability, Thug, if a high level of accuracy is attainable in target ! :..-
; tion and aiming of the weapon, low dispersion characteristics will insure a
» : high level of absclute hit probability, However, the reguirements for correce
: . tion of deviaticns due tc such effects as cross strecam and tip~off are alac core
respondingly high to prevent-disproportionate degradation of this high initial-
level of hit effectiveness. To fully expicit the advantages of a low dispersion-
weapon, it is then imperative to provide other systern elements having a high
» . degree of accuracy and the ability to sorrect for the effects of variaticns in
operational parameters. However, in any casc, unless system errors zre
exiremely large, low dispersion will be of at least some advantage in increas-
ing hit effectiveness.

A brief investigation of the characteristics of fire control systems for use.
» : . with the Hydroduct indicated quite a wide range of reported capabilities of
these systems in terms of errors in establishing the pesition of the targei. No
data obtained appeacud i be consistent enough for specific evaluation purposes.
However, the mean of scaticred information on maximum bearing errors for
C-’ the "JT" passiva listening and tracking system appeared to indicate that a 50~
to 60-mil moximum lateral error in target location might be reasonabie, at
least for intermediate ranges. These €rrors would probably increase ad
shorter ranges due to relative target-lengith increasing the difficully in estabe
lishing the center of the target. Indications are that somewhat better bearing
accuracies will be attzinable with improved equipment now under development.

The elevation error picture appears o be quite obscure at this time. The
only data available were in the form of an estimated range error of about 20%
for passive listening with the "JBA" vertical triangulation system at ranges
less than 1500 yards with surface targets. This would imply that errors in-
measuring elevation angie of targets with the "'JBA' passive system would he
o the order of about 19 if the range error indicated occurred at & maximum -
slant range of abot 1000 yards from listening depths of 300 feet, This agrees
i with the maximum error.of 1,4% in elevation angle ¢ cduced from ¢rial data in
; Refevenco 9 for ranges of the order of 1000 ynrda and keel depltha of 350 feet.
This laMte~ refcrence expresses doubt as to the certainty of those estimates,

. bowever, and arbitrarily assumes a standard deviation represeanting a waximum -
» ; srror of about {our-times this value in-calculations of hit probability in ‘hat-
TEPITR, )

Trial data raferred to in Refeience 9 aled indicated that elovation angls
scouracies improved at the shorter ranges. This might be expected, since

‘ » (1 water conditions would tend t0 have leas effect at shorter ranges with larger
1 elevation angles.

-
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With submerged targets, it would be necessary to echo-range to fix the
position of the target: Range errors would then bé quite small, and elevation:
angles obtsined with the "JBA" equipment-wouid have approximately the same
errors as those discussed above for surfice-targets.

Since the information on elevation-accuracies attainable with equipmentthat
might be expected to be used for this purpose-is of such an inconclusive nature
the moat that can be-donc-here is to estimate the general-influence of varia-
tions in elevaticn angle accuracies on relative degradations imposed on weaps:
effectiveness by biases introduced by such items as cross stream and tip-off.
For this reancn the figures at the end of this section sre based on several B
valuegs «f vertical random -system errois lying generaily between the extremes -
indicated by trirl data and values assumed in other similar stndies, .

Insufficient time was available in this study to assess the errors inherent
in actually aiming the launching submozrine or in aiming the launcher. Assum«
ing that each of these errors does not oxceed 19 in the maximum, the increass
in standard deviation of system error would be small with the existent standmd

deviations of error in locating the target as high as those indicated above and
used in this study.

With typical possible random errcrs in target location and aiming of the
oxder of 20 mils, fairly large biases can be tolerated with relatively small
percentage loss in hit probability. Over most of the conditions shown in Fig.
11, the reduction in hit probability due to uncorrected crosa stream lamndhing,
Fig. 20, will not exceed 15% to 20% fdr intermediate ranges of posaible
system errurs. Estimated lateral deviatiors including tip-off in Fig, 14 will-

cause only small percentage losses in hit probability, even for attacks well
away from the beam of the target (Fig. 21).

Individual effects of launcher rotations and turning of the launching submare -
ine at the rates eatablizshed previcusly in the section o "Initial Conditions"
woild have no appreciuble effects on hit probability. .

Dug to the elongated nature of the target and short time of flight of the
Hydroduct, relatively large ranges of target motion can also be tolerated with -
little reduction in hit probability. Fig. 16 indicates that, at most, only sbhoui-
a i0% reduction in hit probebility would result from a submerged target trave
oling at 15 feet por second at 200 foet depth 4if the launching submarine wera.at-
the same depth (Fig. 4) in a beam attack. Thers would be essentiaily no de~
gradation- in hit probability for uncorrected darget motion in the case of an
cight-knot anorkalling target for-a beam ettack from a 200-foot depih. Coms-
parably low degradations in hit probability wouid be expected for most pracile.
cal situstiona involving mdving targets...
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Y WU SPUNR—"

INITIAL ANGLE OF ATTACK AND FLIGHT B8
WITH RECTILINEAR MOTION OF LAUNCHIN
' SRS

r=tlean
Vs g

sin g = .sim- ¥
i

v .
sin g = —&sh_"
R VR

VR = VV3% + Vg 4 2V5 Vi <@
where- Vi1 = Hydroduct velocity volative-1¢ the-laung '
VS = launching vehicle volocity -

YR = relabive veiocity of the Hydroduct (AighlR)
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B the vertical trajectory, if the launching vehicle velocity vecion tes in a

horizmontal plane,

4 = a = angle of attack j
P = 9 u angle o(.!-!ﬁfoduet-;efti-me-axk * see Appendix II
L= 7 = flgt path angle

and in the 1ataral trajectory,

4.2 g = angle of yaw. f
A 7=y = angle oﬂ-!mm reierancs axis - swe Appendix II

L m 9 = fight path-angle
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APPENDIX IL.
EQUATIONS OF MOTION

VERTICAL TRAJECTORY

For the purposes of this study, it is sufficient to conpider the motion in the-
lateral plans and vertical plane separstely-and independontly. With the addi«.
tional sssumplions that thrust squals drag and that the angle of attack is amail.

the squations of moatics in the vertical plane can be written ¢a shown below
with the assistance of the stetic force disgrem of Fig, 1.

Basic Egustions
-mV'l' -"Alﬂ +Az_‘q‘-v13 $e ce-4e es 2404 2% se. s (!)

. " - B‘Q +Bzé‘+ Ba 2e se. s o'..-.o' o es o4 o8 (Z}

where-

- I 2 ac!-_‘ :
Ay = mEVE ST

A3 = {(W=38) cos »

By = 3 W2Vl —ap— T se]

: 1 dcy, »
_ B2 a;—-z--ﬂ -&731‘3

B3 = Bl

b Vg

L XA

- Y4a

SECRET
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Fig. 1

Forces and voomuents in this set of equations are written in terms of a mor-
ing axis system with the x-axis initially pointing along the direction of the
relative wind vector and the positive s-axic pointing down. I these expres-

“m‘ - .

:‘i& = gtw slope of the tall based - on frontal aves of -

S- = projocted frontal arca of body, £l

T = thrust,: Ib.

T= vokmna:-}tf?

B = buoyancy,.lb

@ =-mass donsity of sea water, slugs/ft3

W-am welght, 1b.

mm- total mass & -‘L%-E-(hcludu virtial mass); slugs

1 = tolal moment of trertla g 13-+ I X', alug @l
Iy = virtual inertia; k' o 84
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a
’
‘-
}
b4
Z

N aeBone

3

e o e e o T D Mo il e e oD o F L L

o~y

X1 = coefficiént of apparent mass for longitudinal motion®
k3 = coefficient of apparent mass for lateral metion *

Mg = coefficiant of body upsetting moment w %pv‘ v - xfl, v e

and the remaining items ars defined in Appendix [ and Figs. 1 and 2.

3

lowingt
Ay Bal. B2 Ai
Bz A3 B3 Az

This is of form & + 20u® + Wgbx= G2 C3
the.sclzx:‘xm of which is- -

x(t) = o.%t Gy BV -1t & Cp' e ¥aViEe-1 ﬂ + Cs
C1' and C2' are evalusted from initial conditions. .

Gase It With cross carrent coad'itiém.— but no angular yelocity at
launching,

e =0) = a5 "

ot = 0) = 0-

; Al As-
Thex-.uore_, &t =o) s 5oy =—" +

With constant mass, inertia; and speed, Eqs. (1) and{(2) resuit in the fal-

*Horace Lamb, BYSEcdvnamica .. N-w Yorki Dover Publications, Inc., 1343,

page 185,
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Ay i3
C2' = «a mv + ',;?“’Alc:i
- - o1 R =Hh A2 =M |
where o= ~fuy w0 VIE

Al __Bz
v

_ 1/2 |
o [ Boezh - 23

Bz A3
1 mY

B3 A2
M MV
..,nz

Cy =

O C3 . is the steziy state angle of attack.

Cage It - H(t = 0) is noturo.-;stoc the case of -a maneuvering
Isunching submarine or when tip<off is present,
Mt =0) = &
éﬁ - &0 ~+ 70

and '_;,o-hlco--o- Az‘°+ﬁj.,
mV
. - Ag A
Tieeetor: = dom 1+ B0 ¢ Thao 4 ZF

Ci' = —eon;
EEAd i P oy

cu -

Az= M R R

-
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sient for angle of attack.

SECREY
A Az Ay
R~ *m
' = o |B¥ "M A P - AL
A2 - N Az=X |0 Az ~ g

The resulting tmnsimi indlight path-angle, }», obteined {rom integrating. -
Eq. (1} is for Case 1, . i

_ _ . ’ Lt
R vl }[(%**Az)-cl' ol + (%-!- Az} Cp' ot
. ) Ax ' A‘ ' i i
+ (A1 C3 » A3t - (i- " *Aaz)cy' - (‘-‘\2 + Az) Gy

Fw iuge _Sstil.

- -

' A
(A1C3 + A3 ¢ _&t{* A2) Gy + () v )¢y
= v ran i mV + Az

> .-.-3'°

The coefficient of the first term represents the
angle. From this expression it can be seen that the downward curvature of the -
flight path, which represents trajectory drop-off, decreases with increasednst
Y and increased steady state angle of attack. Thus, low density vehidas
with relatively low static stability will exhibit the flatteat vertical trajectories.
In‘these expressions Cp' and G2! are the same as those shown in the tranw

rate of change of flight path

For Gase Il when &{t = 0) ¢ 0, thé-values of Cj' and Cp' will reficat-
the initial condition of ${t = 0) = 8o in accordance with the earlier discussion—
cancerning the trangient in -angle of attack.

SECREY
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Q.

LATERAL TRAJECTORY SECREY
The lateral eguations of motion can similarly be sect up in terms of the dia-~

gram of Fig. 2. In thia case, the space roference axis from which ¢ and 2,

are measured is conveniently taken as the velocity vector of the launcher gt”

the instant of lannching. The approximate cquations.for small yaw are then as
follows:

Basic Eguaticas

mvé- K1’+Ka? e - 8 ¥ * & s % & LR ] & *» & l...li (3)

I? a C:‘+c2? - & * 0 a3 a * e LR * & » & * e + @ - LR J » ¥ (4)
wherc

1
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Tranyient in Angle of Yaw

¥ith constant spucd;, mass, and incrtia, the differential equetion in yaw ix

Bvlmw- sz‘]” E'E'I"“"%ﬁ-cz =it -

‘and -the transient,

Alt) = c'e‘"‘[Cti"."linz' Tt , g" e V'E?T.Tt]

ing,

Bit=0) = 2,
Yi=0) 5 0

. . Ky
By = =Py = -;.-‘-;-»ﬁo.
T

“ =»p°: 2= M

-;5?" Ay
C2' = bl o 11-1: ter

Case It With cross current-conditions, but-no.angular velocity at launche .

Gase IL 1t 8(t = 0) : ot gero,- as for the case of a mancuvering

launching submarire or when tip-off {s present;

Bt = 0) = g,
¥t =-0)- = y,

Page 84 of 94
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I Flight Pa €

Integration of Eq. (3) gives for the flight path angle,

o N . e at K At
R R i

' -(K-i-}-o- K2) Ci* --(-?;4- Kz)c;"}

DISPERSION

Bent fins or misalignment act as forcing terms in the equations of motion.
As an illustration, for the lateral plane motion,
mVP = Kja + Kaf 4. K48 sin et-
18 = Cja + Caf & Cy5-ain wt.
where § is some accoptable statistic of the distribution of misalignment or
bending, and & i3 the froquency of rotatic:. of the Hydroduat about its axis of
symmatry,

Thia resulis in a sinusoidal fo2oixe function in.the differential oquation for
angle of yaws
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Ea Zluy + 8 = Cgé sinwt

. h
Bit) = my eht + my ‘Azt Cg sin Gt~ v)

-+
(o = w2+ 82

The list term represents the steady stste value of @, since all other terma
dis out exponestiaily, The coefficient in brackets in this stcady state tgrm
 should be small for the Hydroduct for reascushle values«af W, since the

wvehicle is wail damped and &y is inherently large. Experiments on test
versions appear to bear out the fundamentaily low dispersion characteristics
of the Hydroduct as far as symmatrical dispersions are concerned.

A rather lavge source of dispersion appears to be the-vesult of randown dif-
ferences in thrust betwesn Hydroducts during the test run. This would have
the effect of sssaniially varying the equilibrium speed from one vehicle to the
naxt, and wonid result mainly in dispersions in the vertical direclion. Some
sacondary eifect om symmaetrical Hapersions might be expected from varia~
tiona in the values of Wy and ¥ in the stesdy state dispersion term which
wonld resull from waristions in equilibrium spsed.

m} and mz can be shown to cossist of initial condition terms and terms
containiag § wikich are independent of qpe ancther. Heace, the initial condi-
tions iv thamselves would nct be expected to contribute direciiy to dispersion.
Howaver, as pointed ocut aliove, if initial conditions result in deviations taat
tnth produce changes in the chavacieristis motion of the vebitle, dispersions

from manufaciuring tolerances or handling damage may be aliered.
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APPENDIX LI,

NUMERICAL VALUES

estimated to be a8 follows:

At the lsunching speed of 250 feet-per-second (unburned}),

4m=ﬂ&‘mg‘

4Cy,

P P P T R R R PR

R R RS LR RN R I A IR A A IS I 2 BN A B Y

h L N R I N N R L N A I
~ -
‘b PR R R R R N R R I I I T IO P R I W I I W WY

Ay = <Kl & -178,000 1b
A2 w ~K2 = <1845 1b asec
As & 1021b

B; = C) = .259,0001b{t
B2 w G2 = -4,7901b @ sec
By wm--22.51b 18t

I & 17.6 siug £% (incln ding vistual- inevtia)-

m & 10 slugs {including virtusi-mass)-
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Values of the constants appesring in-the-equations given in Appendix II are

6.43 per rad

441 112

2.6 8

112.7 b
1.762 £t
.029
945
208

S o3 fa)@wn N

P
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With these values the damping ratio; [, is approximately 1.1 and the un-
damped natural frequency, «h,, is approximately 25 cycles per second. The :
roots of the characteristic cquationare A} z ~-93 and A3 = -249. The »
stcady state angle of sttack, C3, is approximalely .00047 radians. In the

burned condition (15 seconds) at the spced of 280 feet per second, &
W & 1321b wy = 30 cps _
m & 7.6 slugs A = -89 . i
I & 12,9 slug 02 A = =376
t = 1.2¢ ;33 = .00056 radians ,
) " At a speed of 150 fect per-second {d = 300 ft),
2;. AN % -64,0001b By = ~93,3001b 3
A A2 m ~1,108 Ib seo: By = -2,880.1b ft sec ’
. In the burned condition,
O E o= 124 B T J » @
’ o = 18cps .“‘ Az w =223

C3 m ,00158 radians
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APPENDIX IV.

¢ - APPROXIMATE TRAJECTORY EQUATIONS.

With the assumpticn of a vary flat trajectory, the equations of motion in tha

vertical plane have been déveloped in References 4 and-5 into conveniont ex-
pressions for the vertical trujoctory of the form: .

¥ = gg'(w)

4 m Veosr

. 1?3 -r) - ¢
where W) = ﬂ'.:'éﬂ'i_.,.‘g{s"} + 50k — k)

'a'.

s
S sl

f' - 2Vi{k2 — k1)
. Sig

These items, and hence g%, will vary with the weight as fuei is burned.
With a burning rate of about 5.5 pounds per second; which corresponds to a
total burning time of about 18 seconds, the cxpression for. g% becomes:

g*(t) & .284 - 0098t — .000133t% = f—.

. Integrating twice,

¥ = Vg sin 9t ~ g(.142¢2 ~ .00163t7 —~ ,000011td)

where 7 = angle of slcvation of the flight path at-the béginning
of the trajectory

SECRET
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The value of V is a function-of depth and alsc of any deceleration which -
takes plage after launching. Hence, a stepwise integration-is required in. 3
establishing the trajectory. ’

@&

S g

i

SECREY
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APPENDIX V.

DECELERATION

The approximate force equation along the direction-of the x-axis of Fig, 1
is?

wm¢ & T=D

-

The varistion of thrust and drag with speed for the Hydroduct is illustrated in -
Fig. 3 on page 13. This figure indicates that thrust varics approximataly as
the speed, and drag varies approximately as the squarc-of the apeed at any
given depth. Drag due to angle of attack and other higher order eifects are
negligible for all practical purposes. Hence, the above expression can be
approzimated in the form

mV & L)V + L v&
T .
where Ly = 3 and . Ly = T

-~ -

. These are constant at any fixed depth.. Whan integrated, this expression gives-

st any depth,

Li Vo '(.th/m)
Ly + 1 Vo (1 = olb1¥/m)

Ve

Y= ﬁnal speed
Vo = {nitial specd

At 300 feet depth, L] & 5,0 and Ly & -,033. Using these values,.
approximsately ¢ight acconds are required to docelerate from-an initial relative-

spead ak launching of 270 feet per second to the equilibriuin speed for that deph--

of 158 fest per second. Doceleration to 250 feet per second at 40 feet depth ree
quiras about four seconds. These same values hold also for the case of the
Iateral trajectory.
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APPENX V1,

TIP<QFF
The approximate equations of vertical plane motion relative to an axis
system fixed with respect to the launcher; and with the origin-at the center

of gravity of the Hydroduct at the instant-the maximum diamaeter passes the
lip of the launchser, can be writtens-

mf w (WeB)cas %o = R = L + Ag @y «oourieenn. (1)
W = M = 3361 ~ By T RE = L ...iev... (2)

where R = launcher motion
My = body upsetiing moment = - -% sy [2\'-(!:2 - k;ﬂ

), = initisl angle of elovation of the launcher

Fig. 3
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, SECREY
With the assamptions that- (1) the rear of the vehicle is supported to mox

- along the axis of the launcher, (2} tho y-coordinate of the point of support
does not change (rigid launcher), and {3) no support is provided by the lip
of the launcher once the maximam diameter of the Hydroduct passes it, the
condition of constraint becomes:

y - ‘!t 91 -

With those conditiona end assumptions, the equations can-be combined to
givet

E- maﬂS, 4-@3 - Bg‘él u (~W4+B) 't cos 8, . Mga - Bl ... (3)-

fissuming that the increment-in-angle of attack devetoped at the center of

gravity during launching is small, .o & a o, which is a known effect of cross -
stream ccnditions at the launchar. .

The sclution of l&kequutinnh: -

g £ B o 00 i 2t]lymed ‘E’A“‘%.»Em—‘:fﬂg .

For the Hydroduct in launching condition at a speed of 250 fect per second;-.

91 ‘ -.00“2‘7 ¢o‘°o - .mol? * 01505 ac . .. .s (‘)

.61' 5: -iozsg*‘“.@ - oM’»-"‘ 2303 .«'0 e s te evn (5)

The first two tarms in thesc equations are the effects of gravity tip-off alone.
The last tarm {s the hydrodynamic Hip~off effect. For the conditicns sssummed.
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here, the hydrodynamic tip-off eifect will predominaté at angles of elevation
above ubout 19, and can become quite large at high launcher elevation and
launching-submaring speed. :

In the iateral trajectory cose. 3ll of the gravity and buoyancy terms drop
cat, and anly the hydrodynamic 22 remains. Thus, the tip-off affects for
isanching off the bow of a moving submarine will be more extreme than any
occurring in the vertical plane.

The eguations of motion for tip=off shown above are written with the
assumption that hydrodynamic forces and moments are fully effective. This
is probably guite'conservative, sinc: blanketing effects of the launcher would.
tend to have the effect of reducing the contribution of elements inside the
launcher. Actually, the forces and moments ate probably time-dependent 2s
the vehicle leaves the launcher. Since there is no way to assess these effects
at this time, thsy are not included in this analysis.

Also, the conditions of constraint may be altered by launcher design con-
sideraticns, such as flexibility and clearances; however, again little is known
about the l1auncher design at this time, and the conditions used inthis analysis-
may not be represantative of the final configuration.

The increment in angle of attack induced 2% the center of gravity by rotae
tional veiocities developed during tip~céf is approximately -08¢/V. Neg-
lacting (his increment during tip~off introduces erfora of the order of about
10% in @ and & which, in view of the other assumptions and approximae
tions used, are for all practical purposas negligible. The actual increment
in angle of attack should be included in the initial angle of attack for the trane
sient period following tip-off.

A more exact solufion could be obtained by & step-by-step integration of
Eq. (3) over short time interwals during tha tipcf,
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APPENDICES.

Initial Angle of Attack and Flight Path Angle
with Rectilinear Motion of Launching Vehicls.

mmﬂﬁﬂtim.. S e st E e e e &

Numerical Valties s o « o « = o o0 o as s
Approximate Trajectory Squations « « o +.«
TI-O. . ¢ oc. v t-2 0 6 2 0.0 s ww o
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APPENDIXK I.

INITIAL ANGLE OF ATTACK AND FLIGHT PATH ANGLE:
WITH RECTILINZAR MOTION OF LAUNGHING VEMICLE

O

M=L ea

vs
li_n &H.m .'v"; sinlu

v
sin § = ..-!.‘;siu'ﬂ
VR .

T

vy = VVsgé e Vut * 2Vg Vg coc/u"

where: V3 = Hydroduct velocity relative to the lsuncher-
Vg = lsunching vehicle veldeity.
VR = relative velocity of the Hydroduct (Qight pata)

0

SECREY
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G m&cwrﬁcdtnjactory. u&-:wmmmwmuum.

A = @ » angle of attack
HMm g angle of Hydroduct reference axis / sse Appendix 1Y
= V= Dight path angle

and in the laderal trajectory,

A= = angle of yaw

Moy angle of Hydroduct reference axis see Appendix I
Lo pm flight path angle
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APPENDIX 1. $1: RO
; 14
EGUATIONS OF MOTION b Y
VERTICAL TRAJECTORY
»
For the purposes of this study, it is suffivieat to consider ths motion in the '
latsral plane and vertical plam separately and imndependently, With the addi-
tioual assumptions thai thrust equals drag and that the angle of sttack is small,
the equations of motion in the verticai plane cen be writien as shown balow with :
the assistance of the static force disgram of Fig, 1. - il
i
“mw - &1& #5354-13 €8 25 48 4% GE-CEH w® 4% S (‘} ' '
:. - qu-"' Bz’.. ‘33 S B 2G-S W-- 48 & 08 e s u’
where - .
@ ¢
. X 4c ;
A = zﬁz-&h ST i
' ?
. i
ap = -4 oy dct |
z = ;
- Ay = (w-ré)m & i
i At aCy, '
Bi = -;P'fz£a0(kz -k} - '“-j-'slg]
i :
aCL, X
B -d — g
2 = -g PV ,
| q
By = -Biy. ;
_ o -yedk ‘ ,
Tayea T

SECRET
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Fig. 1

Forces and moments in this set of equations are written in terms of a mov-
ing axis systan with the x<axis initially pointing sicag the direciion of the
relative wind wector and the positi s seaxis pointing down. In these expres-
m' i : )

% w lift curve slope of the iail based ou frontsl area aof the
body _

S = projected frontal ares of body, £#%
T w Grust, b
Q= vahnu:it’
B = buoymsey, lo-
# m mass density of sea water, siugi/Rtd
W = weight, 1b
m = total mass S'E%E{MM virtual mass),; slugs
1 = total moment of inertia 8 Ig » L X!, alug £t
ly = viriual inextiay k' & .34
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e s ¢ L* . ® ® .2 .
ST T T e} !
4
k3 = coefficientof apparent mass for lengitudinal tnotion® ‘ '
: »
kz = cosificient of apparent mass {or lateral motien® :
Mfw eoem:w&bﬁyupmngmmmu%wz &.Q(kz - klﬂ » 1012t
and the remaining items are defined in Appendix I and Figs. 1 and 2, ) %
Trassiegt in Anglo of Atiack |
+ : :
With sonstant mass, inertia, and speed, Sqs. (1) and {2) result in the fol«- :
lowing ‘
5
A .
s 1 32 . By A Bz A
‘“‘[mv"r] eri-g0-H+F 3
BsAs B A
*ESR P0G -0 ’
zm is of form & « b ¢ vyl w w2 C3, the solution of which :
i . i
1
aft) = o ont [Gi' .%Vf‘ Z_1¢t + Gy eemn‘\,’g'z -1 t] + Cs .
]
C1' and GC3' zre svaluated from initial tonditions. ..r'
Sass ]t With cvoss current conditions; but no angular velocity at
launching,
G{tw0) = ay »
8{t=0) = o
. . e A A
Therefcre, . C‘CQQ-' - -'Vo a-t-ﬂ%_ﬂgz.-h ﬂ-;% .
&
Horace Lamb, Hydrodynamics. New York: Déver Publications, Inc., 1945,
page 155, »
SECREY i
!
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and Ci' = %h‘l- 4\3 = N - hz = '\1
—_— "'V" A-‘ E-‘v +A;c]

»\; A,J LA; -A,J

whers A = ~8wp .+ Wy VR
).z w ~Lwy « Wy Viz"' 1

Ay Bz
ZCQ}n - ";#'- ..r%

‘ /2
by = Ex {1 :) Bzﬁg )

B _
28 Pop

Cy=

C3 is the steady siate angle of attack.

.
Gase I: It é(t = 0) is aot sero, as for the case of a mansuvering

launching submarine or when tip-off is present,

aft=0) = xy
“;-'(f"'O) - 60

o
and = Al o +m¢é_§9..«1
Theraefore, Go = (1 4-%)0 + --vd’o -+ - %
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e

The resulting transient in fiight path-sngle, J, obtalned from integrat.
ing Eq. (1) ie for Case I,

+ {A1C3 ¢ ay) tj -[éf* A2) Gyt & é:* Az) Czi}}

-~

For large v,

A | -
Yo % = .A1C1s A9, (Xlvagey + ff’i* Az, 2
=" mV « A *

mV + Ay

The coefficient of the first term reprasenta the rate of change of flight path
angle. From this expressica it €48 be saen that the downward curvature of the
flight path, which repressnts trajettory drop-off, decresses with increasednet
buoyancy and increased steady state angle of attack, Thus, lowdensity vehicles
with relatively low statie. stability will exhibit the fisttest vertical trajectories.

In these expressions Cl' and Cz' are the same as those shown inthe trans
sient for angle of attack,

For Case Il when 3{tw 0) ¢ 0, thevalues of C;' and Cz' will re-

flact the initial condition of é(t m0) = 85 in-accordance with the earlier dis.

Cussion concerming i Sramsient in sngie of attack.
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LATERAL TRAJECTORY

The lateral equations of motion can-similarly be set up in terms of the diae
gram of Fig, 2. In this case, the space reference axis from which¢ and &
are mesasured is conveniently taken as the velocity vector of the launcher at

the instant of lsunching. The approximats equations for small-yaw are then
as followss

Bas ons

m'iﬁ's Kiﬁ+xzv *e =B 36 S0 -84 F® e g Be B (3,

Iv =" cl‘*ﬁﬁ e s@ w4 s se- 23 s2 232 aw (‘) i

.

1 40y, .

1 as .
By = AV Sk
1 = 3 A0 0e k)~ 2k sg]
cz = -3 YRR s

"r -‘-34}
§*§

¥ =

L~

Fig. 2. .
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Tranai Yaw

=~ With constant speed, mass, and-inertis, the différentisl eguation insaw iss

. é "'[3" < lé * [.. .%1;1:-5%).- %f—ﬂﬂ: 0-
Mt-bctu sient, |
e = '.MEV' GV Ty g eva VBT ‘*]

Sase s Witheross cusrm.ce-iﬁmm.. but-wo angulér velocity at launche

% =g) = ¢

_ )6-.‘" '.ﬁﬂ‘* -%’g_

oy o -
. 2T l..;-

czn - ﬁo ‘

&3>

Casellt If 6(t=0). is not sero,- as f6i the of a maneuvering launch.
ing submarine or when dip-off is vp'luc:uts . e ' : ‘

Bltmo) = 4

Vitm ) =,

TINLITTTTIXTT R

o i e CAcR

Mr'.'NM mmmm’qm‘w»u'xv =

NPEN n\.,-v.v\-«w T AT 5 AT A

e




(3

Ay = Ay

-

ca" _=_‘,°7--§6r - "x]* [( Xy

Entegration of Eq. (3) gives for the Qiight path angls, .

’ "R EV!-'-'!Z{ (% v Kz) c!”".&cf - % "‘Kl)-'cz" .A\zt

-~

- B emcr — @) o

DISPERSION

Bent fins or misaligament act as forcing terma-in ti» equativns of maotion.
As au illustration, for the iateval Rane motinn; -

L
‘.
-

gnvf = Ky + Kpff o Kyl sim at-

1 = Cies o Cad + Cyf-stn it

1

'8 is some acceptable statistic of the distritstion of misalignment or

. gma&a:m&m«dw%mm&mm-d

i
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This resuits in & sinuscidal forcing funclion in the Mﬂm squation for

. -

P A N T
- '

8. 208, + ©,% = Cs sinat

The last term represents the ateady state value-of £, since all other terms .
dis 0ul exponentially, The coefficient in brackets in this steddy state term
should be amall -for the Hydroduct for reasonable values of 4, since the ;
vehicle is weil damped and ¢, is inherently large. Experiments on test i,
) versions appear to bear out-the fundamentally low dispersion characteristics :
dmmninusmctﬂmmpcumnsmcmmﬁ. :

g
3
!
g
( | angle of yaw: :ﬁ
|
b
!
%
]
!
b
:

Amm‘om-dmsmmahmmrmndtm&&
ferenees. in thrust between Hyéroducts during the test run, This would have :
\ } .. the sffect of essentislly varying the equilibrium speed from one vehicle to the e
- next, and would resalt mainly in dispersicas in the vertical direction. Some '
: secondary offect od syrametrical dispersions might be axpected from varia~
tions in the values of w, and U in the steady stals dispersion term which
© would reayit from variations in equilibrium speed.

: | »
) - g and my can be shown to consist of initial condition terms and terms E
¢wtaining & which are independent of ons ancthey. Hence, the initial condi-

Hona in themselves would not be expectad to contridbute divectly to dispersion..

Howevns, as pointed sut above, if initial conditions result 14 deviations that .
migm peduce changes in the characteristic motion of the vehicle, dispersions
\ from rmasafectering tolerances or handling damage may be altered. »
T
.
" 3
e
{
' 11
SECRET b
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APPENDIX 111,

NULIZRICAL VALUES

Values of the cacstanis appesring-is the equations mm&mnnn
Mhhum

4CL,

K3

s
) &
w

? S X oo

(A AL R REENRINEEREL FEREE LS L X RN R I W NN

(A AR AL LA AR AR LSRR A RS REYEL P2 EENENENE NN N

LA AR AR R AN E S R RN EE NN EE B N N N T

A AL LA A AL ERE NERRENE RES S & F K L EE I NF e

.Q..‘i'.""."’"..‘».-“‘.‘.’.."‘“.'.’.OC .

(XL R AR L SRR LN W E PN EELS TR LRI WP

L

LA AL R R RS ERRELLIEET AL 2L N T N E B R ey

."'.‘-I..'.CI."‘"."..Q“‘“C"’-‘.i.f.»'
-

LA A AR R A RS EERELNERENEERYRY T T W usnry [ SR B L XN ]

Ay = -K3 & 178,000 10
A = X3 = 1845 Ib sce
Ag & 1021b

By = Cy «» -89, 0000 1t-
B = Cg =-..4,790 b 300
By = -22.5B A

€.45 par *d
441 at
.68

215 1b {unbuzned)
115.1b ( burned §

112.71b
176203
029
945

20 £

1sanching. spndc( 250 fadi per second {inburned),

I & 17.6 singe 8% (metadicg viztoal fnarila)
m & 10 slugs {including virtual msss)
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With these values the duaping ratio,  , is approximately 1.1 and the
undumnped natural frequency, @y, is approximately 25 cycles per second.
The roots of the characteristic equation are A} w -93 and A; = -249. The
steady state angle of attack, C3, is approximately .00047 radians. In the
burned condition (15 seconds) at the speed of 250 feet per second,

waian @ ™ 30cps

m & 7,6 slugs Ay = -89

I & 12.9slug f2 A= =376

C = l.24 Cs = .00056 vadisns

At 3 speed of 150 feet per-second {d = 300 £t),.

Ay & 64,000 1b By = -93,300b 0t
Aj = ~1,108 Ib sec ' B2 = -2,880 Ib ft sec
In the buraed condition,
L= l2¢ .'“ Ay = 5T
G = 18cps _ Ay = -223

Cs = .00158 adians

‘.‘L
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: I APPENDIX IV.

APPROXIMATE TRAJEGTORY EQUATIONS -

i With the assumption of a very Jat hmm,ﬁtc eguations of motion in the
vertical plane have besn devaloped in References 4 tad 8 inic convenient ex. -
pressions for ths vartical trajectory of the form-

¥ = gg¥w)

8w Vcosa-

whare C'
' . | &' = %
: : A -
() ¢
. 2Q(ks ~ k
¢ = L
sty )

These items, and hence §*, will vary with the weight as fuel is burned..
mabuun'rmdams.smm-mmd,wmchmumma
total duraing time of about 13 uccads, the expressioz for g* becomes:

'.(t) “ .2“ "‘sm’t - .000133!3“ = %_
Intagrating twice,

V- - Vo ate J-gf 142t . OOV - 00601 14%)

) = ansle of stovatica of tae fiighi path.at the beginming of
the trajectory

Pu‘ 39 D‘ ?4*-;# .

__. .ao .U --




o T
w oo 4o & » ot S 2y N R ey T = e AR
a = e o T ——— -
i - - Py
- e

()

The value of V is a function of depth and also of any deceleration which
takes place after launching. Hince, a stepwiss integration is required in
sstablishing the trajectory.

14, oL 5
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APPENDIX V.

DECELERATION

The approximate force equetion along-the direction of the x-axis ¢f Fig. }
is2

mVv & T-D

mmmufﬁnstuedrq'ﬁhsp«dforﬁcwumh&tdﬁ-
PFig. 3 on pege 13, This figure indicates that thrust varies approximastely as
e speed, and dreg variss approximately as the square of the speed at any

given dopth. Drag duc to angle of attack and other higher order sifacts are-

negligibie for all practical purposes. Hence, the above expression can be
approximated in the form .

-

ﬂi“"“ LV -+ Ly :\fa '

. % _ D,
whsrs - L =g and- Ly g.;g.

These are constant at sny fixed depth:. When iutngraud. this c:prmun gtv«.
sk any dapth;

v By Vg ofb1t/m)
. =
Lo Ly e 12 Ve [i - dh1t/m)

.

LR

i ¥y = initial qnofl -

A2 300 fect depth, Ly & 5.0 and L2 % -.033. Uilng these values,
spproximately mm«.mumu:m:mnwm:m

tive spoeed at lamnching of 270 fesk per second £0 the equilibrium spead for that:

depih of 158 feet por seccnd. Dicelersiton to 250 feet per second at 40 fest

SSpi% reguires abont four seeomds: These same valucss hold aiso for the case-.
of the lateral toajectory,
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ARPENDIX VI
TIP-OFF
The approximate equstions of vertical plane motion reistive to the axis
system fixed with respect to the Iauncher, and with tha origin at the center
of gravity of the Hydroduct at the instant the maximum diameter passes the
iip of the launcher, cen be writtent
mF o (W-Bloas D~ R - Lov AgBj cn v coeee oo (D)

ﬁ‘zm‘azal-sgb“me-% 9 pe. s g & {3)

where R = jauncher reaction
M m. body upseiting moment - = -:— fv’{m{kz.,- kxgﬂ-.
D = Mﬂmltddmﬁudmim-




Witk the assumptions that {1} the resr of the vehicle is supported to move
along the axis of the Isuncher, (2} the y-coordinats of ths point of support
does not change {rigid launcher), and (3} no support iz provided by the iip .
of ths launcher once the maximum: diameier of the Hydroduct passes it, the : &
condition of constraint hecomes:

y & -fg ‘1 » |

With these conditions and assumptions. the sguations.cean be combined to- . ‘
give: " ' '
. . ’

Assurcing that the increment in angle of attack d-veloped at the center of

gravity during launching is small, &« & @y, which is a inown effsct of cross ’ g
stream conditions at the launcher,

The solution of this squation ise "

- @
- 8yt) = &-w +B)fycando o Moo - Bﬂ!—I—" hm{tj e&ﬁﬂ‘* [Az!;;; !"a .
) .

Gone - 207

s %E-z” . 23t - ﬂ . » -
1 : ;

oy & 221 sl
and 8 & zl[l e

For the Hydroduct in launching condition at-a speed of 250 fest per second,

03 % .,000217 cos Y, - 00001F + 1505 g .. .. .. .. (4) »

B & -.0339008 Jg ~ €259 ¢ 23.3 &g e ce or .v .. (8)

The first two terms in thess equations are the effects of gravity tip~off alone. »
The last tarm is the hydrodynamic tip-off effect. For the corditions assumed
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here, the hydrcdynamie tip-off effect will predomirate « . ingles of 11/
above about 19, and ¢er, hecome quite large at high laur: har elavati + -
launching-submarine speed.

In the lateral trajectery case, all of the gravity and buoy: o« terrns .
out, and only the hydrodynamic term remains. Thuc, the tip-off cffac.
launching off the bow nf & moving submarine will be :x.ore extreme thau - -
occurring in the vertical plane.

The equations of molion for tip-off shown above are written with the
assumption that hydrodynamic forces and moments are iully effactivy,
is probably quits conservative, since blanketing effects of the launchaer
tend to have the effect of reducing the contribution ¢ elements inside !
launcher. Actually, the forces and moments are prcicily tizne-deper:
the vehicle leaves the launcher. Since there {; no way to assess thes:
at this time, they are not {ncluded in this analysis,

Also, the conditions of constraint may be aitered by launcher dessi
siderations, such as flexibility and clearances; however, again little
about the launcher design at this time, and the conditions used in thi:
may not be representative of the final configuration.

The increment in angle of attack induced at the certsx of gravity b
tional velocities developed during tip-off is approxir:aialy -02¢/V. 7 i-’ma-
lecting this increment during tip<off introduces errors of the ordar °“.» Neg-
10% in @ and & which, in view of the othar assum;, .ion: and appra?e’ zhout
tions used, are for ail practical purposes negligible. TEk: actual tnor{Xinas
in angle of attack should be included in the initial angi.: of attack for.t!.\tme“t
sient period following tip-off. &‘a tran-

- t

A more exact solution could be obtained by a step-by-ste integr ~timb

Eq. (3) over short time intervals during the tip-off. '
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